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NOTICE 

T h i s  r e p o r t  w a s  p r e p a r e d  a s  a n  a c c o u n t  o 
w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h  a t i o n a l  A e r o n a u t i c s  
a n d  S p a c e  A d m i n i s t r a t i o n  ( N A S A ) ,  n o r  a n y  p e r s o n  a c t i n g  o n  b e h a l f .  
o f  NASA: 

A )  Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a r a t u s ,  
m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  
i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B )  A s s u m e s  a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  d a m a g e s  r e s u l t i n g  f r o m  t h e  u s e  o f  a n y  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  N A S A "  i n c l u d e s  a n y  
e m p l o y e e  o r  c o n t r a c t o r  o f  N A S A ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  
t o  t h e  e x t e n t  t h a t  s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  NASA, o r  
e m p l o y e e  o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o -  
v i d e s  a c c e s s  t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  h i s  e m p l o y m e n t  
o r  c o n t r a c t  w i t h  NASA, o r  h i s  e m p l o y m e n t  w i t h  s u c h  c o n t r a c t o r .  

R e q u e s t s  f o r  c o p i e s  o f  t h i s  r e p o r t  s h o u l d  b e  r e f e r r e d  t o  

N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  
O f f i c e  o f  S c i e n t i f i c  a n d  T e c h n i c a l  I n f o r m a t i o n  



N A S A  CR-72446 
5 g 3 ~  AL68T005 

FINAL REPORT OF TASK ORDER N O .  5 

EXTREME TEMPERATURE AERO SPACE BEARING LUBRICATION SYSTEMS 

b y  

L. A .  P e a c o c k  a n d  W .  L .  R h o a d s  

p r e p a r e d  f o r  

NATIONAL AERONAUTICS A N D  SPACE ADMINISTRATION 

May 31, 1968 

CONTRACT NAS3-7912 

P r o j e c t  M a n a g e m e n t  
N A S A  L e w i s  R e s e a r c h  C e n t e r  

C l e v e l a n d ,  O h i o  

D e n n i s  P .  T o w n s e n d ,  P r o j e c t  M a n a g e r  
E r w i n  V, Z a r e t s k y ,  R e s e a r c . h  A d v i s o r  

A i r - B r e a t h i n g  E n g i n e  D i v i s i o n  

RESEARCH LABORATORY 

5 K F  INDUSTRIES, INC.  
ENGINEERING AND RESEARCH CENTER 

KING OF PRUSSIA. PA. 



ACKNOWLEDGEMENT 

C o n t r i b u t i o n s  t o  t h i s  p r o g r a m  o f  t h e  f o l l o w i n g  members o f  
t h e  R E  fF I n d u s t r i e s ,  I n c . ,  R e s e a r c h  S t a f f  a r e  a c k n o w l e d g e d :  
G .  A l l e n ,  G .  C h i c c a r i n e ,  R .  E v a n p  D .  Hahn,  H. Mahncke,  J .  McCool ,  
R .  P i l k i n g t o n ,  L .  R o d r i g o ,  L .  S i b l e y  and  A .  Thomson.  

- i i -  
RESEARCH LABORATORY SKF I N D U ST  R I E S, I N C. 



A L 6 8 T 0 0 5  
TABLE OF CONTENTS 

F O R W A R D  
S U M M A R Y  

PHASE I - ENDURANCE T E S T I N G  

INTRODUCTION 
T E S T  R I G S  
T E S T  BEARINGS 
T E S T  LUBRICANTS 
TEST PROCEDURE 
T E S T  RESULTS 

WB49 S t e e l  B e a r i n g s  o n d  M o b i l  XRM-177F a t  700°F 
M50 S t e e l  B e a r i n g s  a n d  D u P o n t  K r y t o x  1 4 3 A C  a t  600°E 

D I S C U S S I O N  - PHASE I 
T e s t i n g  a t  7 0 0 ° F  w i t h  M o b i l  XRM-177F a n d  WB49 
S t e e l  B e a r i n g s  
T e s t i n g  a t  600°F  w i t h  D u P o n t  K r y t o x  1 4 3 A C  a n d  
M50 S t e e l  B e a r i n g s  

PHASE I1 - F I L M  THICKNESS MEASUREMENTS 

INTRODUCTION 
BACKGROUND 
INSTRUMENTATION A N D  T E S T  R I G  
T E S T  BEARINGS 
T E S T  LUBRICANTS 
T E S T  PROCEDURE 
TEST RESULTS 

G e n e r a l  
F i l m  M e a s u r e m e n t s  

D I S C U S S I O N  - PHASE I1 
G e n e r a l  

OTHER E F F E C T S  

CONCLUSIONS 

L I S T  OF REFERENCES 

APPENDIX I - L u b r i c a n t  P r o p e r t i e s  
APPENDIX I1 - Sample  C a l c u l a t i o n  o f  B e a r i n g  c a V a l u e  
REPORT D I S T R I B U T I O N  L I S T  

- i i i -  

PAGE 

1 
3 

- 

6 
6 
8 
9 
10 
1 2  
1 2  
13 

17 

17 

18 

20 
21  
22 
22 
2 3  
25 
27 
27 
28 
35 
35 
39 

4 2  

44  

RESEARCH LABORATORY SKF I N D U S T R I E S ,  INC.  



AL68T005 

L I S T  OF ENCLOSURES 

E n c l o s u r e  

1 L a y o u t  S k e t c h  o f  H i g h - s p e e d  H i g h - T e m p e r a t u r e  T e s t  R i g  

2 High-  S p e e d  H i g h - T e m p e r a t u r e  B e a r i n g  T e s t  M a c h i n e  

3 V a r i a b l e -  S p e e d  T e s t  Rig C o n t r o l  P a n e l  

4 C o m p o s i t i o n  a n d  H o t  H a r d n e s s  C h a r a c t e r i s t i c s  o f  
H i g h - T e m p e r a t u r e  B e a r i n g  S t e e l s  

5 7205 V A R  T e s t  B e a r i n g  

6 7 2 0 5  VAP T e s t  B e a r i n g  

7 7205 V A R  T e s t  B e a r i n g  C a g e  ( I n n e r  R i n g  G u i d e d )  

8 7 2 0 5  VAP Tes t  B e a r i n g  C a g e  ( O u t e r  R i n g  G u i d e d )  

9 T r a c e  E l e m e n t  A n a l y s i s  o f  CVM M-50 S t e e l  

10 7 2 0 5  V A R  a n d  7 2 0 5  VAP T e s t  B e a r i n g  D i m e n s i o n a l  M e a s u r e -  
m e n t s  

11 Summary o f  7 2 0 5  V A R  E n d u r a n c e  T e s t s  a t  7 0 0 ° F  
4 3 , 0 0 0  RPM 'Speed  w i t h  M o b i l  XRM-177F L u b r i c a n t  

1 2  T y p i c a l  A p p e a r a n c e  o f  U n f a i l e d  7 2 0 5  V A R  T e s t  B e a r i n g  
After 700°F O p e r a t i o n  w i t h  M o b i l  XRM-177F L u b r i c a n t  

13 T y p i c a l  A p p e a r a n c e  o f  S m e a r e d  7 2 0 5  V A R  B e a r i n g  

14  A p p e a r a n c e  o f  7 2 0 5  V A R  B e a r i n g  w i t h  S p a l l e d  B a l l s  

15 A p p e a r a n c e  o f  7 2 0 5  V A R  B e a r i n g  ( H a v i n g  a P r o p r i e t a r y  
T u n g s t e n  D i s u l f i d e  S u r f a c e  C o a t i n g )  Which  S u f f e r e d  
a S p a l l i n g  F a t i g u e  F a i l u r e  a f t e r  156.5 H o u r s  o f  
O p e r a t i o n  a t  7 0 0 ° F  

16 Summary o f  7 2 0 5  VAP E n d u r a n c e  Tepsts w i t h  D u P o n t  
K r y t o x  1 4 3 A C  L u b r i c a n t  

- i v -  

RESEARCH LABORATORY SKF I N D U S T R I E S ,  INC. 



AL68T005 

Enclosure 

17 Load-End v s .  Drive-End Smearing Failures to Date 

18 Relative 7205 Bearing Heat-Up Rate with Film Measuring 
Lubricants 

19A Composite Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series No. 1, Lubricant-Mobil XRM-l09F, 
Speed-43,000 RPM, Thrust Load-459 Lbs. 

19B Individual Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  1,Showing Data Points 
Lubricant-Mobil XRM-l09F, Speed-43,000 RPM, Thrust Load- 
459 Lbs. 

20A Composite Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series No.  2, Lubricant-Mobil XRM-l09F, 
Speed-43,000 RPM, Thrust Load-300 Lbs. 

20B Individual Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series No. 2,Showing Data Points 
Lubricant-Mobil XRM-l09F, Speed-43,000 RPM, Thrust Load- 
300 Lbs. 

21A Composite Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series No.  3 ,  Lubricant-Mobil XRM-l09F, 
Speed-43,000 RPM, Thrust Load-200 Lbs. 

21B Individual Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  3,.Sh wing Data Points 
Lubricant-Mobil XRM-l09F, Speed-43,000 RPM, Thrust Load- 
200 Lbs. 

22A Composite Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  4, Lubricant-Mobil XRM-l09F, 
Speed-20,000 RPM, Thrust Load-345 Lbs. 

22B Individual Plots o f  Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  4,Showing Data Points 
Lubricant-Mobil XRM-l09F, Speed-20,000 RPM, Thrust Load- 
345 Lbs. 

-V- 

RESEARCH LABORATORY S K F  I N D U S T R I E S ,  I N C .  



AL68T005 

Erlclosure 

0 
0 
PL 

23A Composite Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  5, Lubricant-Sinclair 
Turbo-S Oil 15, Speed-43,000 RPM, Thrust Load-300 Lbs. 

23B Individual Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series No. 5 Showing Data Points 
Lubricant-Sinclair Turbo-S Oil 15, Speed-43,000 RPWI, 
Thrust Load-300 Lbs. 

24A Composite Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  6, Lubricant-Monsanto 
MCS-354, Speed-43,000 RPM, Thrust Load-300 Lbs. 

24B Individual Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  6 Showing Data Points, 
Lubricant-Monsanto MCS-354, Speed-43,000 RPM, Thrust Load- 
300 l b s .  

25A Composite Plots of Lubricant Film Condition v s .  Bearing 
Temperature for Test Series N o .  7, Lubricant-DuPont 
Krytox 143AC, Speed-43,000 RPM, Thrust Load-300 Lbs. 

25B Individual Plots of Lubricant Film Condition v s .  Bearing 
Temperature for Test Series N o .  7 Showing Data Points 
Lubricant-DuPont Krytox 143AC, Speed-43,000 RPM, Thrust 
Load-300 Lbs. 

26A Composite Plots of Lubricant Film Condition vs. Bearing 
Temperature for Test Series N o .  7 ,  Lubricant-DuPont Krytox 
143AC, Speed-43,000 RPM, Thrust Load-459 Lbs. 

26B Individual Plots of Lubricant Film Condition v s  Bearing 
Temperature for Test Series No. 7 Showing Data Points, 
Lubricant-DuPont Krytox 143AC, Speed-43,000 RPM, Thrust 
Load-459 Lbs. 

27, 7205 VAP Test Bearing #l 

28, 7205 VAP Test Bearing $2 

29 7205 VAP Test Bearing #3 

-vi- 

SEA 



AL68T005 

Enclosure 

30 7205 V A P  Test Bearing a4 

31 7205 V A P  Test Bearing #5 

32 7205 V A P  Test Bearing a6 

33 7205 V A P  Test Bearing 87 

34 7205 V A P  Test Bearing a0 

35 7205 V A P  Test Bearing a9 

36 7205 V A P  Support Bearing No. 327505 

37 7205 V A P  Support Bearing No. 327801 

38 7205 V A P  Support Bearing No. 327802 

39 Oscilloscope Traces Obtained in Film Testing with 
DuPont Krytox 143AC Lubricant Showing Theoretical 
Cage Speed. 

- v i i -  

RESEARCH LABORATORY S)(;F I N D U S T R I E S ,  INC.  



AL 68  TOO 5 
FINAL REPORT OF TASK O R D E R  N O .  5 

EXTREME TEMPERATURE AEROSPACE B E A R I N G  LUBSICATION SYSTEMS 

Le A .  P e a c o c k  a n d  W .  L .  R h o a d s  

ABSTRACT 

A n g u l a r - c o n t a c t  b a l l  b e a r i n g s  (25mm b o r e )  made  w i t h  vacuum 
m e l t e d  M50 s t e e l  r i n g s  a n d  b a l l s  a n d  M 1  s t e e l  c a g e s  h a v e  b e e n  
e n d u r a n c e  t e s t e d  a t  6 0 0 ° F ,  4 3 , 0 0 0  r p m  a n d  4 5 9  l b s .  t h r u s t  l o a d  
w i t h  D u P o n t  " K r y t o x "  1 4 3  AC p e r f l u o r o  a l k y l  p o l y e t h e r  l u b r i c a n t .  
B e a r i n g s  made  o f  WB49 s t e e l  r i n g s  a n d  M 1  s t e e l  b a l l s  a n d  
c a g e s  h a v e  b e e n  e n d u r a n c e  t e s t e d  a t  700 'F a n d  t h e  same l o a d  a n d  
s p e e d  w i t h  M o b i l  XRM-177F h y d r o c a r b o n  l u b r i c a n t .  S m e a r i n g  
f a i l u r e s  p r e d o m i n a t e d  i n  b o t h  o f  t h e s e  t e s t  s e r i e s .  T h e s e  r e s u l t s  
i n d i c a t e  t h a t  M o b i l  XRM-177F p r o v i d e s  m a r g i n a l  l u b r i c a t i o n  a t  
7 0 0 ° F ,  b u t ,  i f  a d e q u a t e l y  l u b r i c a t e d ,  WB49 s t e e l  b e a r i n g s  p r o b a b l y  
d o  n o t  h a v e  a n y  d r a s t i c  r e d u c t i o n  i n - s p a l l i n g  f a t i g u e  l i f e  a t  
700OF.  T h e  r e s u l t s  a l s o  i n d i c a t e  t h a t  i t  i s  u n l i k e l y  t h a t  
l o n g - t e r m  o p e r a t i o n  c a n  b e  r e a l i z e d  a t  6 0 0 ° F , w i t h  K r y t o x  143AC 
a n d  M50 s t e e l  b e a r i n g s  u n d e r  t h e  t e s t  c o n d i t i o n s  u s e d .  

In a s e c o n d  p h a s e  o f  t h e  p r o j e c t  l u b r i c a n t  f i l m  t h i c k n e s s  
m e a s u r e m e n t s  were made  i n  t h e  r o l l i n g  c o n t a c t s  o f  b a l l  b e a r i n g s ,  
s i m i l a r  t o  t h o s e  u s e d  i n  P h a s e  I e n d u r a n c e  t e s t s , b y  AC c o n d u c t i v i t y  
a n d  c a p a c i t a n c e  t e c h n i q u e s .  F o u r  d i f f e r e n t  t y p e s  o f  l u b r i c a n t s  
( s y n t h e t i c  p a r a f f i n i c  h y d r o c a r b o n ,  i m p r o v e d  e s t e r ,  p o l y p h e n y l  
e t h e r ,  p e r f l u o r o  a l k y l  p o l y e t h e r )  u s e d  i n  p r e v i o u s  e n d u r a n c e  
t e s t i n g  u n d e r  r e l a t e d  p r o j e c t s  a t  v a r y i n g  s p e e d  ( u p  t o  4 3 , 0 0 0  
rpm)  l o a d  ( u p  t o  2 5 0 , 0 0 0  p s i  maximum H e r t z  p r e s s u r e )  a n d  t e m p e r -  
a t u r e  ( u p  t o  7 0 0 ° F )  c o n d i t i o n s  were u s e d .  I t  w a s  f o u n d  t h a t  
e l a s t o h y d r o d y n a m i c  l u b r i c a n t  f i l m s  e x i s t  a t  t h e s e  e x t r e m e  
c o n d i t i o n s  b u t  f i l m  t h i c k n e s s e s  d i f f e r  ( a r e  g e n e r a l l y  l o w e r )  
f r o m  t h o s e  p r e d i c t e d  b y  i s o t h e r m a l  t h e o r y  a n d  t h a t  c o n s i d e r a b l e  
d i f f e r e n c e s  e x i s t  i n  t h e  t h i c k n e s s  o f  f i l m s  f o r m e d  by t h e  
v a r i o u s  t y p e s  o f  l u b r i c a n t s  b e y o n d  d i f f e r e n c e s  p r e d i c t a b l e  f r o m  
t h e i r  d i f f e r i n g  p h y s i c a l  p r o p e r t i e s ,  

T h e  m e t h o d s  e v o l v e d  f o r  u s e  i n  t h i s  s e c o n d  p h a s e  o f  t h e  
T a s k  a r e  d e s c r i b e d  i n  a S u p p l e m e n t a l  R e p o r t  i s s u e d  u n d e r  
s e p a r a t e  c o v e r  c o n c u r r e n t l y  w i t h  t h i s  F i n a l  R e p o r t .  
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FO RE WO R D  

T h i s  i s  t h e  F i n a l  Summary R e p o r t  s u b m i t t e d  i n  f u l f i l l m e n t  
o f  T a s k  O r d e r  No. 5 u n d e r  N A S A  C o n t r a c t  No. NAS3-7912 e n t i t l e d  
' f A  S t u d y  o f  E x t r e m e  T e m p e r a t u r e  A e r o s p a c e  B e a r i n g  - L u b r i c a t i o n  
S y s t e m s " .  I t  e n c o m p a s s e s  r e s e a r c h  c o n d u c t e d  f r o m  N o v e m b e r  1 8 ,  
1966 t h r o u g h  D e c e m b e r  18, 1967 a n d  p r e v i o u s l y  r e p o r t e d  i n  
M o n t h l y  P r o g r e s s  R e p o r t s  N u m b e r s  1 t h r o u g h  1 2 .  

A S u p p l e m e n t a l  R e p o r t  5 E f f  AL68T075 d e s c r i b i n g  
e x p e r i m e n t a l  m e t h o d s  u s e d  i n  P h a s e  I1 o f  t h i s  T a s k  i s  b e i n g  
i s s u e d  u n d e r  s e p a r a t e  c o v e r  c o n c u r r e n t l y  w i t h  t h i s  F i n a l  
R e p o r t  a n d  c o n s t i t u t e s  a n  i n t e g r a l  p a r t  t h e r e o f .  

S U M M A R Y  

I n  t h i s  T a s k  t w o  p h a s e s  o f  w o r k  were c o m p l e t e d .  T h e  f i r s t  
P h a s e  e x t e n d e d  t h e  e n d u r a n c e  t e s t i n g  o f  7205 a n g u l a r - c o n t a c t  b a l l  
b e a r i n g s  a t  e l e v a t e d  t e m p e r a t u r e s  a n d  h i g h  s p e e d s  b e g u n  u n d e r  
N A S A  C o n t r a c t  NASw-492 a n d  c o n t i n u e d  i n  T a s k s  2 a n d  3 o f  t h e  
p r e s e n t  c o n t r a c t .  T h i s  f i r s t  P h a s e  i n c l u d e s  7 0 0 ° F  t e s t s  w i t h  t h e  
m o s t  p r o m i s i n g  f l u i d  f o u n d  i n  p r e v i o u s  w o r k ,  t h e  s y n t h e t i c  p a r a f -  
f i n i c  h y d r o c a r b o n  M o b i l  XRM-177F. T e s t s  were a l s o  c o n d u c t e d  a t  
6 0 0 ° F  w i t h  D u P o n t  K r y t o x  143AC,  a r e c e n t l y  d e v e l o p e d  p e r f l u o r o  
a l k y l  p o l y e t h e r .  T h e  s e c o n d  P h a s e  i n v e s t i g a t e d  t h e  l u b r i c a n t  f i l m  
f o r m i n g  c h a r a c t e r i s t i c s  i n  r o l l i n g  c o n t a c t s  o f  t h e ' b a s e  s t o c k s  o f  
f o u r  l u b r i c a n t s ,  w h i c h  h a v e  b e e n  t e s t e d  i n  t h i s  a n d  p r e v i o u s  
p r o g r a m s  a t  a v a r i e t y  o f  s p e e d ,  t e m p e r a t u r e ,  a n d  l o a d  c o n d i t i o n s .  
T h e  i n v e s t i g a t i o n  w a s  m a d e  p o s s i b l e  b y  u s i n g  t w o  new f i l m  m e a s u r -  
i n g  s y s t e m s  d e v e l o p e d  u n d e r  T a s k  3 a n d  5 o f  t h i s  c o n t r a c t .  I n  
t h i s  r e p o r t  t h e  f i n d i n g s  o f  t h e  t w o  p h a s e s  a r e  r e p o r t e d  s e p a r a t e l y ,  
w i t h  r e f e r e n c e  b o t h  b e t w e e n  t h e m  a n d  t o  o t h e r  p r o g r a m s  m a d e  w h e n  
n e c e s s a r y .  
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In P h a s e  I ,  two  g r o u p s  o f  25mm-bore ( 7 2 0 5 - s i z e )  a n g u l a r -  
c o n t a c t  b a l l  b e a r i n g s  m a d e  o f  v a c u u m - m e l t e d  h i g h - t e m p e r a t u r e  
t o o l  s t e e l s  were l i f e  t e s t e d ,  2 b e a r i n g s  a t  a t i m e ,  i n  EICSF 
I n d u s t r i e s  t e s t  r i g s  s i m u l a t i n g  t y p i c a l  h i g h - s p e e d  a e r o s p a c e  
a u x i l i a r y  d r i v e  s p i n d l e s .  T h e  r i g s  were i n e r t  g a s  b l a n k e t e d  
t o  p r o v i d e  a n  o x y g e n  c o n t e n t  o f  l e s s  t h a n  o n e  p e r c e n t  i n  t h e  
a t m o s p h e r e  o v e r  t h e  l u b r i c a n t .  

A g r o u p  o f  18 b e a r i n g s  h a v i n g  WB49 s t e e l  r i n g s ,  M 1  s t e e l  
b a l l s ,  a n d  s i l v e r  p l a t e d  M 1  s t e e l  c a g e s  w a s  t e s t e d  a t  7 0 0 ° F ,  
a n d  4 3 , 0 0 0  rpm w i t h  a 4 5 9  l b .  t h r u s t  l o a d .  M o b i l  XRM-l77F, 
a s y n t h e t i c  h y d r o c a r b o n  h a v i n g  a n  a n t i - w e a r  a d d i t i v e ,  w h i c h  was  
f o u n d  t o  g i v e  g o o d  r e s u l t s  i n  6 0 0 ° F  t e s t i n g  was  u s e d .  

S m e a r i n g  f a i l u r e s  ( g r o s s  m e t a l  t r a n s f e r  o n  t h e  b a l l s  a n d  
g r o o v e s  d u e  t o  l u b r i c a t i o n  r e l a t e d  t h e r m a l  i n s t a b i l i t y )  o c c u r r e d  
i n  e i g h t  o f  a t o t a l  o f  9 t e s t s  a t  l i v e s  o f  6 . 3  t o  4 6 . 3  h o u r s  
(16.5 t o  1 2 1 . 3  m i l l .  r e v s . ) .  I n  o n e  o f  t h e s e  t e s t s ,  t h e  m a t i n g  
b e a r i n g  s u f f e r e d  a b a l l  s p a l l i n g  f a i l u r e  a t  a l i f e  o f  4 4 . 3  
h o u r s  ( 1 1 5 . 9  m i l l .  r e v s . ) .  O n e  o f  t h e s e  t e s t s  was run w i t h  a 
r e d u c e d  l o a d  ( 2 0 0  l b s . ) ,  o n e  t e s t  u s e d  b e a r i n g s  h a v i n g  t w i c e  
t h e  n o r m a l  c a g e  c l e a r a n c e ,  a n d  o n e  u s e d  b e a r i n g s h a v i n g  a n  
e x p e r i m e n t a l  p r o p r i e t a r y  t u n g s t e n  d i s u l f i d e  s u r f a c e  c o a t -  
i n g .  In t h e  n i n t h  t e s t  o f  t w o  m o r e  b e a r i n g s  h a v i n g  t h e  
t u n g s t e n  d i s u l f i d e  c o a t i n g  ( m a k i n g  a t o t a l  o f  4 c o a t e d  b e a r -  
i n g s  t e s t e d ) ,  o n e  b e a r i n g  f a i l e d  b y  s p a l l i n g  f a t i g u e  o f  t h e  
i n n e r  r i n g  a t  a l i f e  o f  156,5 h o u r s  ( 4 0 9 . 4  m i l l .  r e v s . ) .  
T h e s e  r e s u l t s  i n d i c a t e  t h a t  M o b i l  XRM-177F l u b r i c a n t  p r o v i d e s  
v .e ry  m a r g i n a l  l u b r i c a t i o n  f o r  t h e s e  s m a l l  b e a r i n g s  a t  7 0 0 ° F ,  

A g r o u p  o f  t e n  M50 z o o 1  s t e e l  b e a r i n g s  w i t h  s i l v e r  p l a t e d  
M 1  s t e e l  c a g e s  w a s  t e s t e d  i n  a m a n n e r  s i m i l a r  t o  t h a t  d e s c r i b e d  
a b o v e  a t  6 0 0 ° F  u s i n g  D u P o n t  K r y t o x  1 4 3  A C ,  a p e r f l u o r o  a l k y l  
p o l y e t h e r .  A l l  o f  t h e s e  t e s t s  r e s u l t e d  i n  s m e a r i n g  f a i l u r e s  a t  
o r  s h o r t l y  a f t e r  s t a r t - u p ,  I n  e x p l o r a t o r y  t e s t s  a n d  i n  f i l m  
m e a s u r i n g  t e s t s  w i t h  t h e  K r y t o x  1 4 3  AC f l u i d  c o n d u c t e d  f o r  
P h a s e  $ 1 ,  s m e a r i n g  f a i l u r e s  p r e d o m i n a t e d  a t  l i v e s  r a n g i n g  u p  t o  
8.0  h o u r s .  T h r e e  s p a l l i n g  f a i l u r e s  a l s o  o c c u r r e d  a t  l i v e s  be tween  
1 . 2  a n d  1 6 . 9  h o u r s .  T h e s e  r e s u l t s  s u g g e s t  t h a t  t h i s  f l u i d  h a s  
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p o o r  b o u n d a r y  l u b r i c a t i n g  q u a l i t i e s  u n d e r  t h e  t e s t  c o n d i t i o n s .  
I t  a p p e a r s  u n l i k e l y  t h a t  l o n g - t e r m  o p e r a t i o n  w i t h o u t  l u b r i c a t i o n -  
r e l a t e d  s u r f a c e  d i s t r e s s  c a n  b e  r e a l i z e d  u n l e s s  a s u i t a b l e  a d d i t i v e  
p a c k a g e  t o  i m p r o v e  b o u n d a r y  l u b r i c a t i o n  i s  p r o v i d e d .  T h e  t a b u l a t -  
i o n  b e l o w  s u m m a r i z e s  a l l  7 2 0 5  b e a r i n g  e n d u r a n c e  t e s t i n g  ( b e g u n  i n  
1 9 6 2  u n d e r  c o n t r a c t  NASA-492 a n d  c o n t i n u e d  t o  t h e  p r e s e n t ) .  

SUMMARY OF HIGH-TEMPERATURE 7 2 0 5  BEARING ENDURANCE RESULTS 

( 4 3 , 0 0 0  RPM WITH N2 BLANKET) 

M 1  E s s o  T u r b o  500 365 - 2 2 0  30 2 S m e a r -  480 - 2 4 8  
O i l  35 2 3 3  i n g  

M 1  E s s o  T u r b o  500 4 5 9  - 2 4 4  30 10 S p a l l -  2 4 0  2 0 7  59 
O i l  35 2 5 0  ing*** 

M 1  M o b i l  X R M  600 4 5 9  - 2 4 4  10 0 None 2 4 0  2 0 7  500 
1 7 7 F  2 5 0  

WB49 M o b i l  XRM 600 4 5 9  - 2 7 1  30 3 S m e a r -  2 4 0  1 9 2  3 2 8  
1 7 7 F  268 i n g  

WB49 M o b i l  X R M  700 4 5 9  - 271 18 9 S m e a r -  2 4 0  1 9 2  2 2  
1 7 7 F  2 6 8  i n g  

M50 M o b i l  X R M  600 459 - 2 6 9  30 6 S p a l l -  2 4 0  175 2 4 5  
1 7 7 F  2 5 2  i n g e Q  * 

M50 D u P o n t  600 459 - 2 5 0  10 5 S m e a r -  2 4 0  1 4 2  10 
K r y t o x  2 3 9  i n g  
143AC 

* WHEN EITHER ONE OR EOTH OF Tt iE SET OF nto GEARINGS FAIL ONE I:ATIMG GEARING IS COUNTED A S  A S c i ' E r i n m  TEST. ** LIFE PREDICTED ? Y  C0I::'UTX CALCULATION OF DYNAMIC LOADS'AT H i G I !  SPEEDS, GASED ON /\FEI;A RATINGS. 
R E T I N M E t l T  OF CO(-jf'UTCf? I ;03f?Ai,l, L I V E S  ,AND STRESSES C l V C  

DUE TO C 'NTINUED 
IiERE H A Y  DIFTZF? SLIGHTLY F R O i l  Tl-IOSC RE[ OrTCD I?EVIOUSLY 

I N  ( 2 , h  ,5). 
*** i l l T H  LUBRICATIOIJ DISTRZSS (GLAZING) .  
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T h e s e  d a t a  i n d i c a t e  t h a t  d e r a t i n g  i s  n o t  n e c e s s a r y  f o r  
p r e d i c t i o n  o f  s p a l l i n g  f a t i g u e  l i f e  w i t h  a i r c r a f t  q u a l i t y  
t o o l - s t e e l  b e a r i n g s  a t  t h e  e l e v a t e d  t e m p e r a t u r e s  u p  t o  a t  
l e a s t  6 0 0 ° F ,  when a d e q u a t e  l u b r i c a t i o n  i s  p r o v i d e d .  I n  t h e  
a b s e n c e  o f  a d e q u a t e  l u b r i c a t i o n ,  t h e  f a i l u r e  m e c h a n i s m  a p p e a r s  
t o  b e  i n c r e a s i n g  t h e r m a l  i n s t a b i l i t y  w h i c h  d e c r e a s e s  t h e  i n t e r n a l  
c l e a r a n c e  r e s u l t i n g  i n  a s m e a r i n g  f a i l u r e ,  

6 n  P h a s e  1 1 ,  m e a s u r e m e n t s  were made  o f  t h e  l u b r i c a n t  f i l m  
t h i c k n e s s  a t  t h e  b a l l - r a c e  c o n t a c t s  o f  a 7 2 0 5 - s i z e  b e a r i n g ,  o p e r a t -  
i n g  i n  f u l l - s c a l e  t e s t s  w i t h  t e m p e r a t u r e s  r a n g i n g  f r o m  4 0 0 ° F  t o  
700OF.  F o u r  d i f f e r e n t  t y p e s  o f  l u b r i c a n t s  a n d  a n  5 E f f - d e v e l o p e d  
AC C o n d u c t i v i t y  a n d  C a p a c i t a n c e  f i l m  m e a s u r i n g  s y s t e m  were u s e d .  
S p e e d  w a s  2 0 , 0 0 0  o r  4 3 , 0 0 0  r p m ,  a n d  l o a d  v a r i e d  b e t w e e n  200 a n d  
4 5 9  l b s .  T h e  l u b r i c a n t s  were M o n s a n t o  MCS-354 ( a  p o l y p h e n y l  e t h e r ) ,  
S i n c l a i r  T u r b o - S  O i l  15 ( a n  e s t e r )  w h i c h  i s  t h e  b a s e  s t o c k  f o r  
T u r b o - S  1 0 4 8 ,  ( i m p r o v e d ) ,  M o b i l  XRM-109F ( a  s y n t h e t i c  p a r a f f i n i c  
h y d r o c a r b o n )  w h i c h  i s  t h e  b a s e  s t o c k  f o r  XRM-177F1 a n d  D u P o n t  
K r y t o x  143AC ( a  p e r f l u o r o  a l k y l  p o l y e t h e r ) .  

T h e  d a t a  o b t a i n e d  s h o w  t h a t  t h e  t h i c k n e s s  o f  l u b r i c a n t  
f i l m s  f o r m e d  i n  r o l l i n g  c o n t a c t s  b y  XRM-109F a n d  T u r b o - S  O i l  
15 i s  g e n e r a l l y  1 / 2  t o  3 /4  o f  t h e  t h e o r e t i c a l l y  c o m p u t e d  
i s o t h e r m a l  v a l u e s .  F o r  MCS-354 t h e  o i l  f i l m  t h i c k n e s s  w a s  
l e s s  t h a n  1 / 2  t h e  i s o t h e r m a l  t h e o r e t i c a l ,  a n d  f o r  K r y t o x  
143AC a l m o s t  e q u a l  t o  i s o t h e r m a l  t h e o r e t i c a l .  T h e  t h e o r e t i c a l  
v a l u e s  f o r  g i v e n  c o n d i t i o n s  f o r  XRM-109F1 MCS-354, a n d  K r y t o x  1 4 3 A C  
were a p p r o x i m a t e l y  t h e  s a m e  w h i l e  t h o s e  f o r  T u r b o - S  O i l  
15 a r e  a b o u t  1 / 2  o f  t h e  o t h e r s .  T h e  e x p e c t e d  d e c r e a s e  o f  f i l m  
t h i c k n e s s  w i t h  d e c r e a s i n g  s p e e d ,  i n c r e a s i n g  l o a d  a n d ,  
g e n e r a l l y ,  w i t h  i n c r e a s i n g  t e m p e r a t u r e  was n o t e d  a s  w a s  a r u n - i n  
p h e n o m e n o n .  
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The ability to form EHD films is not the sole determining 
factor in predicting a fluid's success as a bearing lubricant. 
Proper boundary lubricating and heat transfer properties are also 
essential. However, film thickness is a measure of how well a 
fluid prevents metal-to-metal asperity contact occurrences between 
bearing rolling elements and hence how well the fluid prevents 
surface initiated types of bearing failure. With this limitation 
in view, the results of film thickness measurements correlate 
reasonably with endurance test results of this program. Results 
also correlate reasonably well with data obtained with full-scale 
aircraft mainshaft size bearings under NASA Contract NAS3-6267. 
It is apparent from the results obtained to date that the EHD 
film measuring system is a tool for predicting the performance 
of lubricants in rolling element bearings. 
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PHASE I - ENDURANCE TESTING 

INTRODUCTION 

7 2 0 5 - s i z e  a n g u l a r - c o n t a c t  b a l l  b e a r i n g s  h a v e  b e e n  t e s t e d  
i n  t h e  5&F R e s e a r c h  L a b o r a t o r y  a t  h i g h  s p e e d s  a n d  t e m p e r -  
a t u r e s  o n  a c o n t i n u i n g  b a s i s  b e g i n n i n g  i n  1 9 6 2  w i t h  NASA 
C o n t r a c t  NASw-492 a n d  c o n t i n u i n g  t h r o u g h  T a s k  O r d e r s  N o s .  2 ,  3 
a n d  5 o f  NASA C o n t r a c t  NAS3-7912.  T h e  r e s u l t s  o f  t h e  e a r l i e r  
p r o g r a m s  h a v e  shown t h a t  b e a r i n g s  m a d e  o f  M50, M 1  a n d  WB49 t o o l  
s t e e l s  w i l l  r u n  t o  l i v e s  a t  l e a s t  a s  g r e a t  a s  a n d  i n  m o s t  
i n s t a n c e s  2 t o  3 t imes  g r e a t e r  t h a n  t h e  AFBMA r a t e d  c a t a l o g  
l i f e  when t e s t e d  a t  6 0 0 ° F  w i t h  a d e q u a t e  l u b r i c a t i o n .  T h e  
m a j o r i t y  o f  t h e s e  p r e v i o u s  t e s t s  were run w i t h  M o b i l  XRM-177FI 
a s y n t h e t i c  p a r a f f i n i c  h y d r o c a r b o n  o i l  c o n t a i n i n g  a n  a n t i - w e a r  
a d d i t i v e .  

I t  w a s  t h e  p u r p o s e  o f  t h e  e n d u r a n c e  t e s t  p o r t i o n  o f  t h e  
p r e s e n t  p r o g r a m  t o  e x t e n d  t h e  e a r l i e r  r e s u l t s  w i t h  WB49 s t e e l  
b e a r i n g s  a n d  XRM-177F l u b r i c a n t  t o  7 0 0 ° F  a n d  t o  i n c l u d e  
t e s t s  o f  M50 s t e e l  b e a r i n g s  a t  6 0 0 ° F  u s i n g  D u P o n t  K r y t o x  
1 4 3 A C ,  a p e r f l u o r o  a l k y l  p o l y e t h e r  l u b r i c a n t  w h i c h  h a s  shown 
p r o m i s i n g  p e r f o r m a n c e  i n  o t h e r  p r o g r a m s  (1): T h e  i n f o r m a t i o n  
o b t a i n e d  i n  t h i s  t e s t i n g  a l o n g  w i t h  t h e  p r e v i o u s  r e s u l t s  w i X l  
b e  e x a m i n e d  u s i n g  k n o w l e d g e  o b t a i n e d  i n  t h e  l u b r i c a n t  f i l m  
m e a s u r i n g  p h a s e  o f  t h i s  p r o g r a m  t o  g a i n  i n s i g h t  i n t o  t h e  
e f f e c t  o f  l u b r i c a n t  f i l m  t h i c k n e s s  o n  h i g h - s p e e d ,  h i g h - t e m p e r a t u r e  
b e a r i n g  p e r f o r m a n c e .  

TEST RIGS 

T h r e e  h i g h - s p e e d , h i g h - t e m p e r a t u r e  b e a r i n g  t e s t  m a c h i n e s  
d e v e l o p e d  b y  5 E F  I n d u s t r i e s ,  I n c .  were u s e d  o n  t h i s  T a s k  a s  
i n  a l l  p r e v i o u s  p r o j e c t s  o f  t h i s  s e r i e s .  Two m a c h i n e s  u s e d  f o r  
e n d u r a n c e  t e s t s  were f i t t e d  w i t h  c o n s t a n t  s p e e d  4 3 , 0 0 0  rpm 
d r i v e s .  A s p e c i a l  M o n e l  t e s t  h o u s i n g  a s s e m b l y  t o  l i m i t  
c o r r o s i o n  d a m a g e )  s i m i l a r  i n  c o n s t r u c t i o n  t o  t h e  s t a n d a r d  
s t a i n l e s s  s t e e l  h o u s i n g  a s s e m b l y  w a s  u t i l i z e d  f o r  c e r t a i n  o f  t h e  
t e s t s  w i t h  D u P o n t  K r y t o x  143AC l u b r i c a n t  a n d  M50 s t e e l  b e a r i n g s .  
I n  s e v e r a l  o f  t h e  e x p l o r a t o r y  t e s t s  w i t h  Kl ry tox  143AC, t h e  
Mone l  t e s t  h o u s i n g  w a s  f i t t e d  t o  a v a r i a b l e  s p e e d  d r i v e  s o  t h a t  
s l o w  s p e e d  (20 ,000  rpm) s t a r t - u p  c o u l d  b e  t r i e d .  F u l l  s p e e d  
( 4 3 , 0 0 0  r p m )  s t a r t - u p  c o n t r i b u t e d  t o  s m e a r i n g  f a i l u r e s  o f  t h e  
M 5 O  b e a r i n g s  w i t h  l u b r i c a n t s  h a v i n g  p o o r  b o u n d a r y  l u b r i c a t i o n  
p r o p e r t i e s .  

"Numbers  i n  p a r e n t h e s i s  r e f e r  t o  R e f e r e n c e s  a t  t h e  e n d  o f  t h i s  
r e p o r t .  
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A l a y o u t  s k e t c h  o f  a t e s t  r i g  h o u s i n g  a s s e m b l y  i s  shown i n  
E n c l o s u r e  1 a n d  i t s  d e s i g n  a n d  o p e r a t i o n  a r e  d e s c r i b e d  i n  
d e t a i l  i n  ( 2 , 3 , ) .  E s s e n t i a l l y ,  e a c h  r i g  t e s t s  two 7205 a n g u l a r -  
c o n t a c t  b a l l  b e a r i n g s  m o u n t e d  o n  t h e  s a m e  s h a f t  a n d  t h r u s t  
l o a d e d  a g a i n s t  e a c h  o t h e r  b y  a d e a d  w e i g h t  a n d  l e v e r  s y s t e m .  
Screw pumps  m a c h i n e d  i n  t h e  s h a f t  b e t w e e n  t h e  t w o  t e s t  b e a r i n g s  
c i r c u l a t e  t h e  t e s t  l u b r i c a n t  f r o m  a 2000 c c  sump t h r o u g h  t h e  
b e a r i n g s  a n d  b a c k  t o  t h e  sump t h r o u g h  s i g h t - f l o w  t u b e s  u s e d  
a s  a v i s u a l  c h e c k  o n  t h e  l u b r i c a n t  f l o w  t h r o u g h  t h e  b e a r i n g s .  
N i t r o g e n  g a s  i s  s u p p l i e d  a s  a n  i n e r t  b l a n k e t  o v e r  t h e  o i l  i n  
t h e  sump a n d  t o  b o t h  e n d s  o f  t h e  t e s t  b e a r i n g  h o u s i n g .  Mass 
s p e c t r o m e t e r  a n a l y s i s  o f  t h e  a t m o s p h e r e  i n  o n e  r i g  d u r i n g  a 
t y p i c a l  t e s t  i n d i c a t e d  a n  o x y g e n  c o n t e n t  o f  0.96%. L u b r i c a n t  
i s  r e p l e n i s h e d  p e r i o d i c a l l y  t o  t h e  sump a s  i t  i s  l o s t  b y  
e v a p o r a t i o n  a n d  b y  s l i g h t  l e a k a g e  t h r o u g h  t h e  l a b y r i n t h  s e a l  o n  
t h e  d r i v e  e n d  o f  t h e  s h a f t .  

E a c h  r i g  i s  d r i v e n  t h r o u g h  a s p e e d - i n c r e a s e r  g e a r b o x  a n d  
q u i l l  c o u p l i n g  t o  t h e  h o u s i n g  a s s e m b l y .  T h e  c o n s t a n t  s p e e d  
m a c h i n e s  a r e  f i t t e d  w i t h  6 0 - h o r s e p o w e r  AC i n d u c t i o n  m o t o r s  w h i l e  
t h e  v a r i a b l e  s p e e d  m a c h i n e  i s  f i t t e d  w i t h  a 5 0 - h o r s e p o w e r  D C  
m o t o r  w i t h  s p e e d  a d j u s t m e n t  t h r o u g h  a M i c r o s t a t  c o n t r o l  ( m a d e  
b y  W e s t i n g h o u s e ) .  E a c h  r i g  i s  l o c a t e d  w i t h  i t s  d r i v e  i n  a n  
e x p l o s i o n - p r o o f  t e s t  c e l l ,  O v e r a l l  v i e w s  o f  o n e  t e s t  r i g  i n  i t s  
t e s t  c e l l  a n d  i t s  c o n t r o l  c a b i n e t  l o c a t e d  o u t s i d e  t h e  c e l l  a r e  
shown i n  E n c l o s u r e s  2 a n d  3 ,  r e s p e c t i v e l y .  T e s t  b e a r i n g s  a n d  o i l  
t e m p e r a t u r e s  a r e  m a i n t a i n e d  b y  e l e c t r i c a l  c a r t r i d g e - h e a t e r s  i n  
t h e  r i g  h o u s i n g  a n d  sump w a l l s .  T h e  h e a t e r s  a r e  c o n t r o l l e d  b y  
t i m e - p r o p o r t i o n i n g  o n - o f f  t e m p e r a t u r e  c o n t r o l l e r s .  T e m p e r a t u r e  
f l u c t u a t i o n s  a r e  e v e n e d  o u t  b y  t h e  r e l a t i v e l y  m a s s i v e  s t e e l  
s e c t i o n s  i n  w h i c h  t h e  h e a t e r s  a r e  i m b e d d e d .  A t  t h e  h i g h  b e a r i n g  
t h r u s t  l o a d s  a n d  s p e e d s  u s e d  f o r  e n d u r a n c e  t e s t i n g ,  h o w e v e r ,  t h e  
t e s t  b e a r i n g s  t h e m s e l v e s  g e n e r a t e  a l m o s t  e n o u g h  h e a t  t o  m a i n t a i n  
t h e  r i g  t e m p e r a t u r e  a t  5000F t o  600'F. T h e r e f o r e ,  f a n  c o o l i n g  o f  
t h e  h o u s i n g  i s  e m p l o y e d  t o  t h e  d e g r e e  n e c e s s a r y  t o  m a i n t a i n  s o m e  
h e a t e r  i n p u t  p o w e r  f o r  t e m p e r a t u r e  c o n t r o l  p u r p o s e s .  
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TEST BEARINGS 

T h e  r i n g s  a n d  b a l l s  o f  t h e  t e s t  b e a r i n g s  f o r  t h e  e n d u r a n c e  
t e s t i n g  p h a s e  o f  t h  s p r o g r a m  were m a n u f a c t u r e d  f r o m  a i r c r a f t  
b e a r i n g  q u a l i t y  CVM M50 a n d  WB49 t o o l  s t e e l s .  T h e s e  a r e  two 
o f  t h r e e  s t e e l s  ( C V M  M50, CVM M1, a n d  CVM WB49) s e l e c t e d  a t  
t h e  b e g i n n i n g  o f  t h i s  p r o g r a m . ,  T h e  a v a i l a b l e  f a t i g u e  l i f e ,  h i g h -  
t e m p e r a t u r e  s t a b i l i t y  a n d  l o n g - t e r m  h o t  h a r d n e s s  d a t a  r e v i e w e d  i n  
( 2 , 3 )  show t h e s e  s t e e l s  t o  h a v e  t h e  m o s t  p r o m i s e  a s  c a n d i d a t e  
h ~ ~ ~ - e ~ i ~ p e r a t u r e  b e a r i n g  m a t e r i a l s  ( f o r  o p e r a t i o n  u p  t o  6 0 0 ° F ,  
8 Q 0 ° F  a n d  1 0 0 b ° F  r e s p e c t i v e l y ) ,  WB49 s t e e l  b e a r i n g s  ( R E F  
7205 V A R )  h a v e  b e e n  s u c c e s s f u l l y  e n d u r a n c e  t e s t e d  a t  6 0 0 ° F  

a d d i t i v e  i n  a p r e v i o u s  T a s k  (4). S i n c e  t h i s  b e a r i n g  s t e e l  i s  
p o t e n t i a l l y  c a p a b l e  o f  o p e r a t i o n  up  t o  1 Q 0 O 0 F ,  i t  w a s  d e c i d e d  
e o  t e s t  a s i m i l a r  g r o u p  o f  WB49 s t e e l  b e a r i n g s  ( S f j f f  
7285  V A M )  a t  a t e m p e r a t u r e  o f  7 Q 0 ° F  w i t h  t h e  s a m e  XRM-177F 
l u b r i c a n t .  

t h e  h y d r o c a r b o n  l u b r i c a n t  XRM-177F c o n t a i n i n g  a n  a n t i - w e a r  

M5Q s t e e l  b e  r i n g s  G3EF 7205 V A G )  h a v e  b e e n  s u c c e s s f u l l y  
e n d u r a n c e  t e s t e d  i n  p r e v i o u s  work  ( 5 )  a t  6 0 0 ° F  w i t h  t h e  s a m e  
XRM-177F l u b r i c a n t .  I t  was  d e c i d e d  t o  t e s t  a s e c o n d  g r o u p  o f  

SO s t e e l  b e a r i n g s  (3EF 7205 V A P )  w i t h  D u P o n t  K r y t o x  143AC 
e r f l u o r o  a l k y l  p o l y e t h e r  o i l  w h i c h  h a s  shown p r o m i s e  i n  t e s t s  

o f  m a i n s h a f t  s i z e  (125mm b o r e )  b a l l  b e a r  

T h e  c o m p o s i t i o n ,  h a r d n e  s a n d  e s t i m a t e d  maximum o p e r a t i n g  
t e m p e r a t u r e  c a p a b i l i t y  o f  t h e  two  s e l e c t e d  b e a r i n g  s t e e l s  
( a n d  a l s o  d a t a  on  M 1  s t e e l  f o r  c o m p a r i s  n )  a r e  g i v e n  i n  
E n c l o s u r e  4 ,  T h e  d e s  gn  a n d  s p e c i f i c a t  o n s  o f  t h e  7205 V A R  
t e s t  b e a r i n g s  h a v i n g  B49 s t e e l  r i n g s  a n d  M 1  s t e e l  b a l l s  a r e  
g i v e n  i n  E n c l o s u r e  5. T h e  d e s i g n  a n d  s p e c i f i c a t  o n s  o f  t h e  
7205 VAP t e s t  b e a r  n g s  h a v i n g  M50 s t e e l  r i n g s  a n d  b a l l s ,  wh 
were m a n u f a c t u r e d  i n  a p r e v i o u s  T a s k  (41, a r e  g i v e n  i n  
E n c l o s u r e  6 ,  
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T h e  c a g e s  u s e d  i n  a l l  t e s t  b e a r i n g s  were m a d e  o f  M 1  s t e e l  
h e a t  t r e a t e d  t o  a h a r d n e s s  o f  Rc 57 t o  60 a n d  e l e c t r o p l a t e d  
w i t h  s i l v e r  t o  a t h i c k n e s s  o f  0.001" t o  0 . 0 0 2 " .  T h i s  cage  
m a t e r i a l ,  a n d  t h e  d e s i g n s  shown i n  E n c l o s u r e s  7 a n d  8 f o r  
t h e  b e a r i n g s  h a v i n g  c o u n t e r - b o r e d  o u t e r  a n d  i n n e r  r i n g s ,  
r e s p e c t i v e l y ,  a r e  b a s e d  o n  t h e  r e s u l t s  o f  p r e v i o u s  s t u d i e s  
( 2 , 6 )  i n d i c a t i n g  g o o d  p e r f o r m a n c e  u n d e r  extreme l u b r i c a t i o n  
c o  n d i  t i  o n s . 

T h e  i n n e r  a n d  o u t e r  r i n g s  o f  7 2 0 5  V A R  b e a r i n g s  were m a d e  
f r o m  t h e  s a m e  h e a t  o f  CVM WB49 s t e e l  a n d  were h e a t  t r e a t e d  
t o g e t h e r .  T h e  b a l l s  i n  t h e  V A R  b e a r i n g s  a r e  f r o m  o n e  h e a t  o f  
CVM M 1  s t e e l .  T h e  i n n e r  a n d  o u t e r  r i n g s  o f  t h e  7 2 0 5  VAP 
b e a r i n g s  were made  f r o m  t h e  s a m e  h e a t  o f  CVM M50 s t e e l  a n d  were 
h e a t  t r e a t e d  t o g e t h e r .  T h e  r e s u l t s  o f  t r a c e  element a n a l y s e s  
o f  t h i s  h e a t  a r e  g i v e n  i n  E n c l o s u r e  9. T h e  b a l l s  a r e  f r o m  
a n o t h e r  h e a t  o f  CVM M50 s t e e l .  T h e  a n a l y s i s  o f  e a c h  l o t  o f  
s t e e l  o b t a i n e d  f o r  t e s t  b e a r i n g s  was  c h e c k e d  a n d  f o u n d  w i t h i n  
t h e  l i m i t s  g i v e n  i n  E n c l o s u r e  4 .  S t e e l  s a m p l e s  f r o m  e a c h  h e a t  
t r e a t m e n t  l o t  were c h e c k e d  m e t a l l u r g i c a l l y  f o r  p r o p e r  s t r u c t u r e  
a n d  h a r d n e s s  a s  l i s t e d  i n  E n c l o s u r e  4 ,  D i m e n s i o n a l  m e a s u r e -  
m e n t s  b e f o r e  t e s t i n g  on  a l l  b e a r i n g s  u s e d  i n  t h e  e n d u r a n c e  
t e s t i n g  p h a s e  o f  t h i s  T a s k  a r e  g i v e n  i n  E n c l o s u r e  10. 

TEST LUBRICANTS 

A s u f f i c i e n t  q u a n t i t y  o f  M o b i l  XRM 1 7 7 F  l u b r i c a n t  was  
o b t a i n e d  u n d e r  T a s k  2 o f  t h i s  p r o g r a m  t o  c o m p l e t e  t e s t s  w i t h  
WB49 s t e e l  b e a r i n g s .  T h e  o i l  u s e d  i n  t h i s  T a s k  i s  f r o m  t h e  
same  l o t  a s  t h a t  u s e d  i n  T a s k  2 ( 4 )  a n d  T a s k  3 (51, a n d  
t y p i c a l  p r o p e r t i e s  a r e  g i v e n  i n  A p p e n d i x  I .  M o b i l  XRM-177F 
l u b r i c a n t  c o n t a i n s  a p r o p r i e t a r y  a n t i - w e a r  a d d i t i v e  i n  a b a s e  
s t o c k  d e s i g n a t e d  XRM-109F1 a s y n t h e t i c  p a r a f f i n i c  h y d r o c a r b o n .  
Much d a t a  s h o w i n g  e x c e l l e n t  p e r f o r m a n c e  h a s  b e e n  a c q u i r e d  
w i t h  t h i s  l u b r i c a n t  i n  6 0 0 ° F  t e s t s  o f  2 0 5 - s i z e  b e a r i n g s  made  o f  
M50 a n d  M 1  t o o l  s t e e l s  ( 2 , 4 , 5 )  a n d  t h e y  i n d i c a t e d  t h a t  o p e r -  
a t i o n  a t  7 0 0 ° F  may b e  p o s s i b l e .  P r o m i s i n g  p e r f o r m a n c e s  was 
a l s o  o b t a i n e d  i n  t e s t s  o f  j e t - e n g i n e  m a i n s h a f t - s i z e  (125mm 
b o r e )  b a l l  b e a r i n g s  a t  7 0 0 ° F  w i t h  t h i s  l u b r i c a n t  ( 1 ) .  
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F o r t y  g a l l o n s  o f  D u P o n t  K r y t o x  143AC l u b r i c a n t  were o b t a i n e d  
f o r  t h e  M50 s t e e l  b e a r i n g  t e s t s  o f  t h e  c u r r e n t  p r o g r a m .  K r y t o x  
143AC i s  a p e r f l u o r o  a l k y l  p o l y e t h e r  o i l  w h i c h  was s e l e c t e d  
f o r  t h i s  p r o g r a m  b a s e d  o n  p r o m i s i n g  p e r f o r m a n c e  i n  j e t - e n g i n e  
m a i n s h a f t - s i z e  (125mm b o r e )  b a l l  b e a r i n g s  ( 1 )  a n d  a l s o  f o r  
c o m p a r i s o n  w i t h  p r e v i o u s  t e s t s  ( 5 )  o f  M50 s t e e l  b e a r i n g s  a t  
6 0 0 ° F  w i t h  XRM-177F l u b r i c a n t .  T y p i c a l  p r o p e r t i e s  o f  t h i s  
l u b r i c a n t  a r e  g i v e n  i n  A p p e n d i x  I .  

TEST PROCEDURE 

T h e  s t a n d a r d  p r o c e d u r e  u s e d  f o r  c o n d u c t i n g  t h e  b e a r i n g  
l u b r i c a n t  e n d u r a n c e  t e s t s  r e p o r t e d  h e r e  i s  a s  f o l l o w s :  

1. T h e  r i g  i s  a s s e m b l e d  w i t h  t h e  t e s t  b e a r i n g s  a n d  a n  
i n i t i a l  c h a r g e  o f  t e s t  l u b r i c a n t  i n  t h e  sump.  T h e  l o a d  i s  
a p p l i e d ,  a l l  v a l v e s  i n  t h e  o i l  l i n e s  a r e  c l o s e d ,  e x c e p t  t h e  
i n b o a r d  b e a r i n g  d r a i n  v a l v e s  w h i c h  a r e  s e t  a t  o n e  t u r n  o p e n  
( t h e  s p e c i f i e d  s e t t i n g  f o r  4 3 , 0 0 0  rpm o p e r a t i o n ) ,  a n d  t h e  
n i t r o g e n  b l a n k e t  g a s  f l o w  i s  s t a r t e d  o v e r  t h e  o i l  i n  t h e  sump.  

2. T h e  r i g  i s  p r e h e a t e d  f o r  a b o u t  a n  h o u r  w i t h  b o t h  t h e  
h o u s i n g  a n d  sump h e a t e r  c o n t r o l l e r s  s e t  a t  300OF.  

3. T h e  r i g  i s  s t a r t e d  by  f i r s t  i n c r e a s i n g  t h e  n i t r o g e n  
f l o w  t o  t h e  sump w i d e  o p e n  a n d  c l o s i n g  t h e  sump v e n t s  t o  
p r i m e  t h e  s c r e w  pumps  o n  t h e  t e s t  s h a f t ,  a n d  when o i l  s t a r t s  
t o  f l o w  o u t  t h e  d r i v e - e n d  l a b y r i n t h  s e a l  w i t h  t h e  s h a f t  r o t a t e d  
s l o w l y  b y  h a n d ,  t h e  s i g h t - g l a s s  o u t b o a r d  d r a i n  v a l v e s  a n d  
sump v e n t  l i n e s  a r e  o p e n e d  s i m u l t a n e o u s l y  w i t h  s t a r t i n g  t h e  
d r i v e  m o t o r .  I n  t h e  n o r m a l  h i g h - s p e e d  s t a r t - u p  e n d u r a n c e  t e s t s ,  
t h e  t e s t  r i g  a c h i e v e s  a t o p  s p e e d  o f  4 3 , 0 0 0  rpm i n a a p p r o x i m a t e l y  
3.5 s e c o n d s .  ( T h e  t e s t s  o f  t h e  WB49 s t e e l  b e a r i n g s  were 
c o n d u c t e d  i n  t h i s  m a n n e r ) .  I n  s l o w - s p e e d  s t a r t - u p ,  t h e  s p e e d  
c o n t r o l  f o r  t h e  v a r i a b l e  s p e e d  DC m o t o r  i s  s e t  s o  t h a t  t h e  
t e s t  r i g  c o m e s  f i r s t  t o  a s p e e d  o f  a p p r o x i m a t e l y  2 0 , 0 0 0  r p m ,  
w h i c h  i s  t h e n  g r a d u a l l y  i n c r e a s e d  t o  4 3 , 0 0 0  rpm a l l o w i n g  a d e q u a t e  
time f o r  t h e  t e s t  b e a r i n g s  t o  " e q u a l i z e "  t h e i r  t e m p e r a t u r e  w i t h  
t h e  h o u s i n g  t h u s  a v o i d i n g  t h e r m a l  i m b a l a n c e s  w h i c h  c o u l d  l e a d  
t o  f a i l u r e  b y  r e d u c t i o n  o f  b e a r i n g  i n t e r n a l  c l e a r a n c e .  20,.000 
rpm i s  t h e  minimum s t a r t - u p  s p e e d  r e q u i r e d  f o r  t h e  s c r e w  pump 
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t o  p r i m e  a n d  s e v e r a l  o f  t h e  M50 s t e e l  b e a r i n g  t e s t s  were 
c o n d u c t e d  i n  t h i s  m a n n e r .  

T h e n  t h e  n i t r o g e n  f l o w  t o  t h e  sump i s  r e s e t  t o  t h e  p r e h e a t  
l e v e l ,  t h e  n i t r o g e n  f l o w  l i n e s  t o  t h e  h o u s i n g  c a v i t i e s  a r e  
o p e n e d ,  t h e  sump h e a t e r s  a r e  t u r n e d  o f f  a n d  t h e  h o u s i n g  
h e a t e r  c o n t r o l l e r  i s  s e t  t o  t h e  t e s t  t e m p e r a t u r e .  

4 .  T h e  t e s t  b e a r i n g  o u t e r - r i n g  t e m p e r a t u r e s  a r e  m o n i t o r e d  
e v e r y  6 m i n u t e s  b y  t h e  c e n t r a l  d a t a  c o l l e c t i o n  s y s t e m  d e s c r i b e d  
i n  ( 2 )  a n d  a s  t h e  t e s t  t e m p e r a t u r e  i s  a p p r o a c h e d  e i t h e r  o n e  
o r  t w o  c o o l i n g  f a n s  a r e  t u r n e d  o n .  T h e  p o s i t i o n  a n d  n u m b e r  o f  
f a n s  i s  d e t e r m i n e d  b y  " c u t - a n d - t r y ' '  d u r i n g  t h e  f i r s t  h o u r  o f  
r u n n i n g .  T h e  f i n a l  f a n  p l a c e m e n t  i s  s e l e c t e d  t o  p r o v i d e  a 
sump t e m p e r a t u r e  c o o l e r  t h a n  t h e  b e a r i n g s  a n d  t o  l e a v e  some  
p o w e r  i n p u t  t o  t h e  h o u s i n g  h e a t e r s  f o r  b e a r i n g  t e m p e r a t u r e  
c o n t r o l .  

5 .  T e s t  l u b r i c a n t  l o s t  b y  e v a p o r a t i o n  a n d  s e a l  l e a k a g e  
i s  r e p l e n i s h e d  t o  t h e  sump d u r i n g  e a c h  t e s t  a t  a r a t e  o f  a b o u t  
25cc p e r  h o u r  f o r  600°F t e s t s ,  T h i s  f i g u r e  w a s  a b o u t  lOOcc p e r  
h o u r  a t  700°F d u e  t o  h i g h e r  l e a k a g e  a n d  e v a p o r a t i o n  r a t e s .  
A u t o m a t i c  s h u t  down o f  t h e  r i g  o c c u r s  i f  t h e  o i l  p r e s s u r e  f r o m  
e i t h e r  s c rew pump d e c r e a s e s  b e l o w  a p r e s e t  l i m i t  o f  30% 
o f  t h e  n o r m a l  o i l  p r e s s u r e  o r  i f  a v i b r a t i o n - s e n s i t i v e  s w i t c h  
f a s t e n e d  t o  t h e  l o a d  l e v e r  arm d e t e c t s  a n  a b r u p t  i n c r e a s e  i n  
r i g  v i b r a t i o n  l e v e l .  T h e  r i g  i s  d i s a s s e m b l e d  f o r  i n s p e c t i o n  
o f  t h e  t e s t  b e a r i n g s  i f  m a n u a l  r o t a t i o n  o f  t h e  s h a f t  w i t h  t h e  
b e a r i n g s  u n d e r  l o a d  i n d i c a t e s  a n y  u n u s u a l  r o u g h n e s s  i n  t h e  
b e a r i n g s .  T e s t i n g  o f  b o t h  b e a r i n g s  i s  t e r m i n a t e d  when e i t h e r  
t e s t  b e a r i n g  f a i l s .  T h e  o t h e r  b e a r i n g  i s  t h e n  t r e a t e d  a s  a 
s u s p e n d e d  t e s t .  
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TEST RESULTS 

A .  WB49 S t e e l  B e a r i n g s  a n d  M o b i l  XRM-177F a t  7 0 0 ° F  

A t o t a l  o f  e i g h t e e n  ( W B 4 9 , s t e e l )  7 2 0 5  V A R  b e a r i n g s  were r u n  
i n  n i n e  t e s t s  ( t w o  b e a r i n g s  per  t e s t )  w i t h  M o b i l  XRM-177F l u b r i c a n t .  
T h e  r e s u l t s  o f  t h e s e  t e s t s  a r e  s u m m a r i z e d  i n  t h e  f o l l o w i n g  t a b l e  
i n  c h r o n o l o g i c a l  o r d e r .  U n l e s s  o t h e r w i s e  n o t e d ,  t e s t  c o n d i t i o n s  
were 7 0 0 ° F  b e a r i n g  o u t e r - r i n g  t e m p e r a t u r e ,  4 3 , 0 0 0  r p m  i n n e r - r i n g  
s p e e d ,  o i l  i n l e t  t e m p e r a t u r e  o f  6 2 0 °  t o  6 8 0 ° F ,  a n d  a t h r u s t  l o a d  o f  
4 5 9  l b s .  ( c o r r e s p o n d i n g  t o  2 7 1 , 0 0 0  p s i  a n d  2 6 8 , 0 0 0  p s i  H e r t z  s t r e s s  
o n  t h e  i n n e r  a n d  o u t e r  r i n g s  r e s p e c t i v e l y ) .  

T a b u l a t i o n  o f  T e s t  R e s u l t s  

B e a r i n g  L 1 o  l i f e  c o m p u t e d  a c c o r d i n g  t o  AFBMA m e t h o d s  ( 7 )  i s  
2 4 0  m i l l .  r e v s .  a n d  1 9 2  m i l l .  r e v s ,  when d y n a m i c  l o a d s  
a t  t h e s e  h i g h  s p e e d s  a r e  c o n s i d e r e d  f o r  4 5 9  l b s .  t h r u s t  
l o a d .  

T e s t  Resu 1 t s 
T e s t  S p e c i  a 1 T e s t  M a t i n g  - No.  C o n d i t i o n s  L i f e  (Hrs.) T y p e  F a i l u r e  B r g .  C o n d i t i o n  

1 None  44.4 
2 None 4 1 . 7  
3 None 1 9 . 2  
4 None  6 . 3  
5 None 31.5 
6 2 0 0 1 b s . l o a d  7 . 0  

7 B o t h  b r g s .  156.5 
c o a t e d  w i t h  

8 e x p e r i m e n t a l  10.8 
t u n g s t e n  d i -  
s u l f i d e  p r o -  
p r i e t a r y  c o a t i n g *  

S m e a r e d  S p a l l e d  B a l l s  
S m e a r e d  D e b r i s  D e n t e d  
S m e a r e d  S u r f a c e  D i s t r e s s  
S m e a r e d  Debr is  D e n t e d  
S m e a r e d  Debr is  D e n t e d  
S m e a r e d  D e b r i s  D e n t e d  

S p a l l e d  D e b r i s  D e n t e d  

S m e a r e d  D e b r i s  D e n t e d  

S m e a r e d  D e b r i s  D e n t e d  9 C a g e  t o  l a n d  4 6 . 3  
c l e a r a n c e  
i n c r e a s e d  f r o m  
n o r m a l  0.008'' t o  
0.016". 

* " D i c r o n i t e "  s u p p l i e d  b y  M i n i a t u r e  P r e c i s i o n  B e a r i n g s ,  I n c .  o f  
Keene, N e w  H a m p s h i r e .  
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A m o r e  d e t a i l e d  summary  i s  i n c l u d e d  a s  E n c l o s u r e  11. 
E n c l o s u r e  1 2  s h o w s  an  u n f a i l e d  WB49 b e a r i n g  f r o m  600°F t e s t i n g  
w h i l e  E n c l o s u r e  13 s h o w s  a t y p i c a l  s m e a r i n g  f a i l u r e  f r o m  t h i s  
s e r i e s .  E n c l o s u r e  1 4  s h o w s  t h e  b e a r i n g  w i t h  s p a l l e d  b a l l s  
( T e s t  1) a n d  E n c l o s u r e  15 s h o w s  t h e  s p a l l e d  i n n e r  r i n g  f r o m  
t e s t  7 ,  

As c a n  b e  seen f r o m  t h e  s u m m a r y ,  e i g h t  o f  n i n e  t e s t s  
r e s u l t e d  i n  s m e a r i n g  f a i l u r e s  i n  s p i t e  o f  s u r f a c e  c o a t i n g s ,  
d e c r e a s e d  l o a d ,  o r  i n c r e a s e d  c a g e  c l e a r a n c e .  I n  o n e  o f  t h e  
e i g h t  t e s t s ,  a m a t i n g  b e a r i n g  was f o u n d  t o  h a v e  s e v e r a l  s p a l l e d  
b a l l s .  I n  a n i n t h  t e s t  o f  two c o a t e d  b e a r i n g s ,  a n  i n n e r  r i n g  
s p a l l i n g  f a i l u r e  o c c u r r e d ,  B a s e d  on  t h e s e  d a t a  a maximum l i k e -  
l i h o o d  e s t i m a t e  c o m p u t e d  a c c o r d i n g  t o  t h e  m e t h o d  i n  A p p e n d i x  I11 
o f  ( 2 1 ,  g i v e s  L 1 0  = 6 3 , l  h o u r s  ( 1 6 2 . 5  m i l l .  r e v s . )  f o r  t h e  
s p a l l i n g  f a i l u r e s  a n d  L 1 o  = 8.1 h o u r s  ( 2 1 . 5  m i l l .  r e v s . )  f o r  
b o t h  s m e a r i n g  a n d  s p a l l i n g  f a i l u r e s .  T h e s e  e s t i m a t e s  d o  n o t  
i n c l u d e  t h e  t e s t  r u n  a t  200 l b s .  t h r u s t  l o a d .  

B .  M50 S t e e l  B e a r i n g s  a n d  D u P o n t  K r y t o x  143AC a t  600OF 

A t o t a l  o f  t w e l v e  new 7 2 0 5  V A P  a n d  s e v e r a l  r u n - i n  7 2 0 5  
V A G  b e a r i n g s ,  b o t h  m a n u f a c t u r e d  f r o m  M50 s t e e l ,  were r u n - i n  
t h i r t e e n  t e s t s  ( 2  b e a r i n g s  p e r  t e s t )  u s i n g  D u P o n t  K r y t o x  143AC 
p e r f l u o r o  a l k y l  p o l y e t h e r  l u b r i c a n t .  N o m i n a l  t e s t  c o n d i t i o n s  
were 600°F b e a r i n g  o u t e r - r i n g  t e m p e r a t u r e ,  4 3 , 0 0 0  rpm i n n e r -  
r i n g  s p e e d ,  a n d  a t h r u s t  l o a d  o f  4 5 9  l b s .  c o r r e s p o n d i n g  t o  a 
maximum H e r t z  s t r e s s  o f  2 5 0 , 0 0 0  p s i  on  t h e  i n n e r  r i n g .  Unless  
o t h e r w i s e  n o t e d ,  b e a r i n g s  were u n c o a t e d  a n d  t e s t s  were r u n  i n  
a M o n e l  h o u s i n g  w i t h  h i g h - s p e e d  s t a r t - u p  p r o c e d u r e s  d e s c r i b e d  
o n  p a g e  1 2 .  T h e  r e s g l t s  o f  t h e s e  t e s t s  a r e  s u m m a r i z e d  i n  
c h r o n o l o g i c a l  o r d e r  i n  t h e  f o l l o w i n g  t a b l e .  A m o r e  c o m p l e t e  
summary  i s  i n c l u d e d  a s  E n c l o s u r e  16,  
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TABULATION OF TEST RESULTS 

B E A R I N G  L 1 o  L I F E  COMPUTED A C C O R D I N G  TO AFRMA METHODS I S  
2 4 0  M I L L .  REVS. A N D  1 4 2  M I L L .  REVS. WHEN D Y N A M I C  

LOADS AT THESE H I G H  SPEEDS A R E  CONSIDERED FOR 4 5 9  LBS. THRUST L O A D  

T e s t  No.  S p e c i a l  C o n d i t i o n s  T y p e  F a i l u r e  L i f e  ( H r s . )  

1 None Sme a r i n g S t a r t - u p  F a i l .  

2 None Sme a r i n g S t a r t - u p  F a i  1. 

3 A s  1 ,  e x c e p t  
c o a t e d  b r g s .  
1 1 ,  2 ) "  

Sme a r i n g S t a r t - u p  F a i l .  

0 . 4  a f t e r  4 C o a t e d  b r g .  1) ; Sme a r i n g 
s l o w  s t a r t  . 2 )  s t a r t - u p  

5 As 4 S m e a r i n g  1 .1  a f t e r  
s t a r t - u p  

6 L o w e r e d  h o u s i n g ;  Spa  11 i n  g 1 . 2  a f t e r  
o t h w i s e  a s  t e s t  s t a r t - u p  
n o .  4. 3 )  

7 As 6 Smea r i n g 

8 As 6 e x c e p t  i n  None 
s t a i n l e s s  s t e e l  
h o u s i n g  i n s t e a d  
o f  Monel  

9 As 8 ,  e x c e p t  h i g h  S m e a r i n g  
s p e e d  s t a r t  

10 As 8 Spa  11 i n g  

11 As 8 S m e a r i n g  

1 2  A s  8 S m e a r i n g  

13 A s  8 Smea r i n g  

See p a g e  15 f o r  f o o t n o t e s  -14-  

0 . 3  a f t e r  
s t a r t - u p  

0.5 ( m a n u a l  
s h u t  down)  

S t a r t - u p  F a i l .  

6 . 4  a f t e r  
s t a r t - u p  

S t a r t - u p  F a i l .  

0 .1  @ 4 3 , 0 0 0  rpm 

8 .0  @ 4 3 , 0 0 0  rpm 
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NOTE: A l l  m a t i n g  b e a r i n g s  s h o w e d  a t  l e a s t  some s i g n s  o f  
s u r f a c e  d i s t r e s s .  

1) C o a t e d  w i t h  D u l i t e ,  a b l a c k  o x i d e  c o a t i n g  w h i c h  
h a s  b e e n  shown  t o  i m p r o v e  b o u n d a r y  l u b r i c a t i o n .  

2 )  S l o w  s p e e d  s t a r t - u p  a s  e x p l a i n e d  on  p a g e  10. 

3 )  T e s t  h o u s i n g  l o w e r e d  r e l a t i v e  t o  d r i v e  q u i l l  f o r  
r e a s o n s  s e t  f o r t h  b e l o w .  

As c a n  b e  s e e n ,  s m e a r i n g  f a i l u r e s  a t  v e r y  s h o r t  l i v e s  
p r e d o m i n a t e d .  T h e  b l a c k  o x i d e  c o a t i n g ,  known t o  b e  o f  b e n e f i t  
i n  i n s t a n c e s  where t h e r e  i s  m a r g i n a l  l u b r i c a t i o n ,  d i d  n o t  
seem e f f e c t i v e  i n  t h o s e  t e s t s .  I n d e e d ,  t h e  c o a t i n g  was  w o r n  
t h r o u g h  i n  t h e  b a l l  t r a c k  i n  m a t i n g  b e a r i n g s  e x a m i n e d  e v e n  
a f t e r  s h o r t  r u n n i n g  t imes.  T h i s  may b e  d u e  t o  a t t a c k  o f  t h e  
c o a t i n g  b y  t h e  l u b r i c a n t  w h i c h  i s  known t o  b e  c o r r o s i v e .  

O n e  f a c t  w h i c h  w a s  n o t e d ,  a n d  c a n  b e  seen  i n  E n c l o s u r e  1 7 ,  
i s  t h a t  a l l  s m e a r i n g  f a i l u r e s  o c c u r r e d  o n  t h e  d r i v e  e n d  
b e a r i n g  ( t h e  o n e  c l o s e s t  t o  t h e  g e a r b o x ) .  As c a n  be s e e n  
f r o m  E n c l o s u r e  1 7 ,  where t h e r e  were e a r l y  f a i l u r e s ,  ( l e s s  t h a n  
1 h o u r  r u n n i n g )  a m a j o r i t y  o f  t h e m  o c c u r  on  t h e  d r i v e  e n d  
t h r o u g h o u t  t h e  p r o g r a m .  F a i l u r e s  a f t e r  a n  h o u r s  o p e r a t i o n  
a r e  a b o u t  e v e n l y  d i v i d e d  b e t w e e n  t h e  two  l o c a t i o n s .  Upon 
c a r e f u l  i n v e s t i g a t i o n  i t  was  f o u n d  t h a t ,  d u e  t o  t h e r m a l  
e x p a n s i o n  o f  t h e  h o u s i n g  s u p p o r t  a r m s ,  s e e n  i n  E n c l o s u r e  2 ,  t h e  
t e s t  s h a f t  c e n t e r  l i n e  was  a b o u t  0.010" a b o v e  t h e  c e n t e r l i n e  
o f  t h e  g e a r b o x  o u t p u t  s h a f t  a t  a b e a r i n g  h o u s i n g  t e m p e r a t u r e  
o f  600OF. D u e  t o  t h e  r i g i d  m o u n t i n g  o f  t h e  q u i l l  d r i v e ,  t h i s  
m i s a l i g n m e n t  c o u l d  c a u s e  up t o  50 l b  c a l c u l a t e d  r a d i a l  l o a d  o n  
t h e  d r i v e  e n d  b e a r i n g .  I n  a l l  t e s t s  a f t e r  $5, t h i s  was  
c o m p e n s a t e d  f o r  b y  s e t t i n g  up  t h e  h o u s i n g  l o w e r  t h a n  n e e d e d  f o r  
a l i g n m e n t  room t e m p e r a t u r e .  I n  s p i t e  o f  t h i s ,  s m e a r i n g  
f a i l u r e s  s t i l l  p r e d o m i n a t e d ,  i f  p e r h a p s  a f t e r  s o m e w h a t  l o n g e r  
r u n n i n g  t i m e s .  T h e r e  a l s o  were two  s p a l l i n g  f a i l u r e s .  
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I n  a d d i t i o n  t o  ' ,he  t h e r m a l  m i s a l i g n m e n t ,  i t  was  f o u n d  w h e n  
e x a m i n i n g  f i t s ,  t o l e r a n c e s ,  e t c . ,  t h a t ,  d u e  t o  t h e  s l i d i n g  f i t  
o f  t h e  l o a d  p l u g  ( i n  w h i c h  t h e  l o a d - e n d  b e a r i n g  i s  m o u n t e d  a s  
shown  i n  E n c l o s u r e  1) i n  t h e  h o u s i n g  a s s e m b l y , p l u s  t h e  r e l a t i v e l y  
t h i n  a n d  s o m e w h a t  f l e x i b l e  l o a d  p l u g  b e a r i n g  m o u n t i n g  s y s t e m ,  
t h e  l o a d  e n d  o f  t h e  t e s t  r i g  i s  s l i g h t l y  m o r e  a c c o m m o d a t i n g  
t o  b e a r i n g  o u t e r - r i n g  t h e r m a l  e x p a n s i o n  t h a n  i s  t h e  d r i v e - e n d  
m o u n t i n g .  T h e  a d d i t i o n a l  c l e a r a n c e  a f f o r d e d  t h e  l o a d - e n d  
b e a r i n g  i s  h e l p f u l  i n  p r e v e n t i n g  o r  a t  l e a s t  p o s t p o n i n g  e a r l y  
s m e a r i n g  t y p e  f a i l u r e s  a s  a r e s u l t  o f  l o s s  o f  b e a r i n g  c l e a r a n c e .  
T h e  d r i v e - e n d  b e a r i n g ,  m o u n t e d  d i r e c t l y  i n  t h e  h o u s i n g  b l o c k ,  
d o e s  n o t  e n j o y  t h e  s a m e  e x t r a  " c o m p 1 i a n c e " a n d  f a i l u r e s  
p r e c i p i t a t e d  b y  l o s s  o f  i n t e r n a l  c l e a r a n c e  w i l l  g e n e r a l l y  o c c u r  
f i r s t  o n  t h i s  b e a r i n g ,  I n  some o f  t h e  t e s t s ,  b e a r i n g s  were 
run i n  a s t a i n l e s s  s t e e l  t e s t  h o u s i n g  s i n c e  i t  was  t h o u g h t t h a t  
t h e r e  c o u l d  b e  some  p a r a m e t e r  b e i n g  o v e r l o o k e d  i n  t h e  p r e v i o u s l y  
u n t r i e d  M o n e l  h o u s i n g  w h i c h  m i g h t  b e  c o n t r i b u t i n g  t o  e a r l y  
f a i l u r e s .  As c a n  b e  s e e n  f r o m  t h e  d a t a ,  t h i s  d i d  n o t  c h a n g e  
t h e  f a i l u r e  mode .  

I n  s h o r t  t h e n ,  i t  seems t h a t  t h e r e  i s  some  s l i g h t  b i a s  
i n h e r e n t  i n  t h e  r i g  d e s i g n  t h a t  c a u s e s  a m a j o r i t y  o f  s h o r t  l i f e  
s m e a r i n g  f a i l u r e s  t o  t a k e  p l a c e  o n  t h e  d r i v e  e n d .  I t  a p p e a r s  
t h a t  t h i s  o n l y  t a k e s  p l a c e  i n  t h e  p r e s e n c e  o f  v e r y  m a r g i n a l  
l u b r i c a t i o n  c o n d i t i o n s .  

I r r e s p e c t i v e  o f  t h i s  b i a s ,  t h e  t e s t s  w i t h  K r y t o x  143AC 
f l u i d  showed  t h a t  s u c c e s s f u l  o p e r a t i o n  c o u l d  n o t  b e  o b t a i n e d  
u n d e r  t h e  t e s t  c o n d i t i o n s .  

I n  t h e  f i l m  m e a s u r i n g  p a r t  o f  t h i s  t a s k ,  t o  b e  d e s c r i b e d  
a s  P h a s e  1 1 ,  s i m i l a r  7 2 0 5  VAP b e a r i n g s  were run w i t h  t h e  same  
l o t  o f  t h i s  l u b r i c a n t .  I n  t h i s  w o r k  o n e  new u n c o a t e d  b e a r i n g  
r a n  f o r  1 .65 h o u r s  a t  300 l b s .  l o a d  a n d  was  i n  v e r y  g o o d  
c o n d i t i o n  a f t e r  t e s t i n g  a s  shown i n  E n c l o s u r e  3 4 .  A s e c o n d  
n e w  u n c o a t e d  b e a r i n g  r a n  a t o t a l  o f  2 5 . 4  h o u r s  ( 2 . 4  h o u r s  a t  
300 l b s ,  l o a d ,  3 6 . 1  h o u r s  a t  4 5 9  l b s .  l o a d )  a n d  h a d  m o d e r a t e  
s u r f a c e  d i s t r e s s  a f t e r  t e s t i n g  a s  shown  i n  E n c l o s u r e  35. A 
t h i r d  n e w  c o a t e d  b e a r i n g  r a n  a t o t a l  o f  16.9 h o u r s  a t  4 5 9  l b s .  
l o a d  a n d  h a d  s u f f e r e d  a s p a l l i n g  f a i l u r e  a s  shown i n  E n c l o s u r e  
38. A l l  b e a r i n g s  were run a t  4 3 , 0 0 0  rpm w i t h  t e m p e r a t u r e . s  
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r a n g i n g  f r o m  400 t o  700OF.  S l o w  s p e e d  s t a r t - u p  p r o c e d u r e s  
were u s e d  i n  a l l  t e s t s .  T h e s e  r u n s  w e r e ,  a c c o r d i n g l y ,  m o r e  
s u c c e s s f u l  t h a n  t h e  " e n d u r a n c e  r u n s ' *  a n d  t h i s  i s  a t t r i b u t e d ,  
e x c e p t  f o r  t h e  l a s t  t e s t ,  t o  t h e  l e s s e r  t e s t  l o a d .  T h e  m o r e  
g r a d u a l  t e m p e r a t u r e  i n c r e a s e  may a l s o  h a v e  b e e n  h e l p f u l  t o  
r u n - i n  e 

DISCUSSION - PHASE I 

A ,  T e s t i n g  a t  700°F w i t h  M o b i l  XRM-177F & WB49 S t e e l  B e a r i n g s  

D u r i n g  t h e s e  t e s t s  t h e  p r e d o m i n a n t  f a i l u r e  mode  was 
s m e a r i n g  a t  s h o r t  l i v e s .  O n l y  o n e  s e t  r a n  t o  a p p r o x i m a t e l y  
1 . 7  t imes t h e  AFBMA c o m p u t e d  l i f e  ( s e e  ( 2 1 ,  A p p e n d i x  I) b e f o r e  
f a i l u r e  b y  s p a l l i n g .  In a p r e v i o u s  p r o g r a m  (4) i t  was f o u n d  
t h a t  t h i s  b e a r i n g - l u b r i c a n t  c o m b i n a t i o n  r a n  t o  m o r e  t h a n  t w i c e  
t h e  AFBMA c o m p u t e d  l i f e  a t  6 0 0 ° F  a l t h o u g h  t h e  p r e d o m i n a n t  
f a i l u r e  mode  w a s  a g a i n  s m e a r i n g . ,  S i n c e  t h e s e  s m e a r i n g  f a i l u r e s  
a r e  l u b r i c a t i o n  r e l a t e d  a n d  a r e  n o t  r e l a t e d  t o  f a t i g u e  s p a l l i n g ,  
i t  c a n  b e  c o n c l u d e d  f r o m  t h e s e  t w o  p r o g r a m s  t h a t  v e r y  l i t t l e  i f  
a n y  r e d u c t i o n  i n  f a t i g u e  l i f e  o f  t h i s  s t e e l  o c c u r s ,  a t  l e a s t  u p  
t o  6 0 0 ° F ,  p r o v i d e d  t h e  b e a r i n g s  a r e  a d e q u a t e l y  l u b r i c a t e d .  T h e  
t y p e  o f  f a i l u r e s  e n c o u n t e r e d  i n  t h i s  p r o g r a m  a r e  v e r y  s i m i l a r  t o  
t h o s e  d e s c r i b e d  i n  ( 1 )  w i t h  a i r c r a f t  m a i n s h a f t  s i z e  b e a r i n g s  
u s i n g  t h i s  l u b r i c a n t - s t e e l  c o m b i n a t i o n  i n  t h e  7 0 0 ° - 8 0 0 0 F  r e g i o n ,  
As c a n  b e  s e e n  f r o m  A p p e n d i x  I o f  ( 2 1 ,  o n e  o f  t h e  p a r a m e t e r s  
g o v e r n i n g  e l a s t o h y d r o d y n a m i c  ( E H D )  l u b r i c a n t  f i l m  t h i c k n e s s  i s  
b e a r i n g  s i z e .  T h u s ,  a t e s t  i n  t h e  6 0 0 ° - 7 0 0 0 F  r e g i o n  w i t h  7205 
s i z e  b e a r i n g s  o p e r a t e s  a t  a c a l c u l a t e d  f i l m  t h i c k n e s s / r o u g h n e s s  

c a l c u l a t e d  f o r  a t e s t  i n  t h e  7 0 0 ° - 8 0 0 0 F  r e g i o n  r u n  w i t h  m a i n s h a f t  
s i z e  b e a r i n g s .  

( s e e  A p p e n d i x  11) r o u g h l y  c o m p a r a b l e  t o  t h e  h/& v a l u e  

T h e  m o s t  l i k e l y  m e c h a n i s m  o f  t h e s e  s m e a r i n g  f a i l u r e s  i s  
t h e  s e l f - a g g r a v a t i n g  l o s s  o f  b e a r i n g  i n t e r n a l  c l e a r a n c e  d u e  t o  
t h e r m a l  i n s t a b i l i t i e s  a n d  r e l a t e d  l o c a l i z e d  b r e a k d o w n  o f  l u b r i -  
c a t i o n  i n  t h e s e  h i g h  t e m p e r a t u r e  b e a r i n g s .  As h a s  b e e n  d i s c u s s e d  
i n  ( 1 , 2 )  t h e r e  a r e  t h r e e  i n t e r r e l a t e d  m e c h a n i s m s  by  w h i c h  t h e s e  
t h e r m a l  i n s t a b i l i t i e s  may come a b o u t :  
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1) By a l u b r i c a n t  f i l m  t o o  t h i n  t o  p r e v e n t  c o n s i d e r a b l e  
a s p e r i t y  c o n t a c t  b e t w e e n  b e a r i n g  e l e m e n t s .  

2 )  G i v e n  a s p e r i t y  c o n t a c t s , b y  l a c k  o f  a d e q u a t e  
b o u n d a r y  l u b r i c a t i o n  i n  t h e  f o r m  o f  b e a r i n g  s u r f a c e  
c o a t i n g s  o r  l u b r i c a n t  a d d i t i v e s .  

3)  By a c h a n g e  o r  b r e a k d o w n  o f  h e a t  t r a n s f e r  p r o p e r t i e s  
o f  t h e  f l u i d ,  p o s s i b l y  r e l a t e d  t o  s u r f a c e  w e t t i n g  
a b i l i t y .  

I t  w a s  f o u n d  i n  t h e  f i l m  m e a s u r i n g  p o r t i o n  o f  t h i s  t a s k  
( t o  b e  d e s c r i b e d  a s  P h a s e  I1 i n  t h i s  r e p o r t )  t h a t  w i t h  XRM-177F 
l u b r i c a n t ,  o p e r a t i o n  w i t h  7 2 0 5  b e a r i n g s  i s  i n  t h e  p a r t i a l  E N D  
r e g i o n  i n  t h e  6 0 0 - 7 0 0 ° F  r a n g e .  T h e  v i s c o s i t y  o f  XRM-177F 
i s  30% l o w e r  a t  7 0 0 ° F  t h a n  a t  6 0 0 ° F ,  Two w a y s  p r e s e n t  t h e m -  
s e l v e s  t o  a c h i e v e  r e l i a b l e  l o n g - t e r m  o p e r a t i o n  i n  t h i s  t e m p e r -  
a t u r e  r a n g e .  F i r s t l y ,  b y  u t i l i z i n g  m o r e  v i s c o u s  f l u i d  s u c h  a s  
M o b i l  XRM-187F ( s a m e  b a s e s t o c k  a s  XRM-177F b u t  a b o u t  20% 
m o r e  v i s c o u s  a t  700OF). And s e c o n d l y ,  by i m p r o v i n g  b o u n d a r y  
l u b r i c a t i o n  t h r o u g h  s u r f a c e  c o a t i n g s  s u c h  a s  t h e  p r o p r i e t a r y  
t u n g s t e n  d i s u l f i d e  c o a t i n g  w h i c h  w a s  u s e d  o n  s e v e r a l  b e a r i n g s  
i n  t h i s  t e s t  a n d  was s u c c e s s f u l  i n  p r e v e n t i n g  s m e a r i n g .  A t  
t h e  p r e s e n t  t i m e ,  t h e r e  i s  n o  known way t o  i m p r o v e  t h e  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  o f  g i v e n  l u b r i c a n t s  i f  i n d e e d  t h i s  i s  a p r o b l e m  
b u t  t h e r e  i s  a d i s t i n c t  p o s s i b i l i t y  t h a t  t h e s e  p r o p e r t i e s  d i f f e r  
f r o m  o n e  f l u i d  b a s e s t o c k  t o  a n o t h e r .  

B ,  T e s t i n g  a t  6 0 0 ° F  w i t h  D u P o n t  K r y t o x  1 4 3 A C  & M50 S t e e l  B e a r i n g s  

T e s t i n g  w i t h  t h i s  f l u i d  r e s u l t e d  i n  a p r e p o n d e r a n c e  o f  
s m e a r i n g  f a i l u r e s  a t  v e r y  s h o r t  l i v e s .  T h i s  c o r r e l a t e s  w i t h  
r e s u l t s  o f  p r e v i o u s  w o r k  ( 5 )  i n  w h i c h  M50 s t e e i  b e a r i n g s  l u b r i -  
c a t e d  w i t h  XRM-177F o i l  were f o u n d  s u s c e p t i b l e  t o  s u r f a c e  d i s -  
t r e s s  a t  6 0 0 ° F ,  m o s t  p r o b a b l y  d u e  t o  ~ 5 0 ' s  r e d u c e d  h a r d n e s s  a t  
t h i s  t e m p e r a t u r e .  H o w e v e r ,  t h e  p e r f o r m a n c e  w i t h  K r y t o x  143AC 
w a s  much i n f e r i o r  t o  t h a t  w i t h  XRM-177F. K r y t o x  143AC w a s  a l s o  
u s e d  i n  t h e  m a i n s h a f t  s i z e  b e a r i n g  t e s t s  d e s c r i b e d  i n  ( 1 ) .  With 
WB49 s t e e l  b e a r i n g s ,  i t  p e r f o r m e d  w e l l  t o  a b o u t  7 0 O 0 F ;  h o w e v e r ,  
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i n  t h e  750°F r e g i o n ,  s u d d e n  s m e a r i n g  f a i l u r e s  o f t e n  o c c u r r e d .  
C o n s i d e r i n g  t h e  d i f f e r e n c e  i n  s t e e l  ( h i g h e r  h a r d n e s s )  a n d  t h e  
p r e v i o u s l y  d e s c r i b e d  s i z e  e f f e c t  o n  E H D  f i l m  c o n d i t i o n ,  t h e  
r e s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  7205 s i z e  b e a r i n g  t e s t s  
a p p e a r  i n  a g r e e m e n t  w i t h  t h o s e  f o r  t h e  m a i n s h a f t  s i z e  b e a r i n g s .  

I t  w a s  f o u n d  i n  t h e  f i l m  m e a s u r i n g  p a r t  o f  t h i s  T a s k  
( P h a s e  11) t h a t  w i t h  K r y t o x  143AC,  a t  t h e  s t a r t  o f  a t e s t  
t h e  E H D  f i l m  t h i c k n e s s  w a s  s u c h  t h a t  t h e r e  s h o u l d  n o t  h a v e  b e e n  
a s i g n i f i c a n t  n u m b e r  o f  a s p e r i t y  c o n t a c t s  a t  600OF. A f t e r  a 
few h o u r s  r u n n i n g ,  h o w e v e r ,  t h e  f i l m  t h i c k n e s s / r o u g h n e s s  r a t i o  
d e c r e a s e d  t o  t h e  p o i n t  w h e r e  t h e r e  were c o n s i d e r a b l e  a s p e r i t y  
c o n t a c t s  d u e  t o  d e t e r i o r a t i o n  o f  t h e  s u r f a c e .  Q u i t e  p o s s i b l y  
t h e  s a m e  s u r f a c e  d e t e r i o r a t i o n  t o o k  p l a c e  m o r e  r a p i d l y  i n  
t h e  e n d u r a n c e  t e s t s .  

B a s e d  o n  tests i n  t h e  p r e s e n t  T a s k ,  K r y t o x  143AC l u b r i c a n t  
s h o w e d  p o o r  b o u n d a r y  l u b r i c a t i n g  p r o p e r t i e s .  More r e l i a b l e  
o p e r a t i o n  c a n  p r o b a b l y  b e s t  b e  r e a l i z e d  b y  t h e  a d d i t i o n  o f  a n  
e f f e c t i v e  a d d i t i v e  p a c k a g e .  No a d d i t i v e s  f o r  K r y t o x  143AC were 
a v a i l a b l e  a t  t h e  t ime  o f  t h e  w o r k  h e r e i n  r e p o r t e d .  
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PHASE I1 - FILM THICKNESS MEASUREMENTS 

INTRODUCTION 

S i n c e  t h e  e m e r g e n c e  o f  e l a s t o h y d r o d y n a m i c  (EHD) l u b r i c a t i o n  
t h e o r y  d e s c r i b i n g  t h e  e x i s t e n c e  o f  l u b r i c a n t  f i l m s  o f  f i n i t e  
t h i c k n e s s  i n  l o a d e d  b e a r i n g  c o n t a c t s ,  n u m e r o u s  e x p e r i m e n t s  h a v e  
b e e n  p e r f o r m e d  t o  v e r i f y  t h e  t h e o r y  a n d  f u r t h e r  e x a m i n e  t h e  
e l a s t o h y d r o d y n a m i c  p h e n o m e n o n  ( 8 - 1 2 ) .  Up t o  t h i s  t i m e ,  m o s t  
e x p e r i m e n t s  were l i m i t e d  t o  e l e m e n t  t e s t s  u s i n g  s u c h  d e v i c e s  
a s  t w o  a n d  f o u r  b a l l  t e s t e r s ,  r o l l e r  t o  f l a t  a n d  r o l l e r  t o  r o l l e r  
c o n t a c t s ,  a n d  o t h e r s . "  F i l m  m e a s u r i n g  t e c h n i q u e s  h a v e  i n c l u d e d  
b o t h  a n  e l e c t r i c a l  D C  c o n d u c t i v i t y  m e t h o d  w h i c h  h a s  f o r  s o m e  
y e a r s  b e e n  e s t a b l i s h e d  a s  a m e a n s  o f  i n s t a n t a n e o u s l y  m o n i t o r i n g  t h e  
o c c u r r e n c e s  o f  a s p e r i t y  c o n t a c t  b e t w e e n  s u r f a c e s  u n d e r  p a r t i a l  
EHD l u b r i c a t i o n  ( 1 4 - 1 6 )  a n d  a c a p a c i t a n c e  t e c h n i q u e .  T h e  c a p a c i t a n c e  
m e t h o d  h a s  b e e n  t e s t e d  i n  t h e  S E F  L a b o r a t o r y  i n  a r o l l i n g  f o u r -  
b a l l  t e s t e r  f o r  s u r f a c e s  u n d e r  f u l l  EHD l u b r i c a t i o n  (17 ) .  

R e c e n t l y ,  S E F  I n d u s t r i e s ,  I n c . ,  u n d e r  T a s k s  3 & 5 o f  t h i s  
c o n t r a c t  h a s  s u c c e e d e d  i n  a p p l y i n g  t h e s e  t e c h n i q u e s  t o  f u l l - s c a l e  
b e a r i n g s  b y  d e v e l o p i n g  a " f i l m  m e a s u r i n g  s y s t e m "  w h i c h  c o m b i n e s  
t h e  u s e  o f  a m o d i f i e d  e l e c t r i c a l  c o n d u c t i v i t y  m e t h o d  ( u s i n g  a n  
A C  s i g n a l )  w i t h  t h e  c a p a c i t a n c e  m e t h o d  (18) .  I n  t h i s  way b o t h  
p a r t i a l  a n d  f u l l  EHD l u b r i c a t i o n  r e g i m e s  c a n  b e  m o n i t o r e d .  T h e  
f i l m  m e a s u r i n g  s y s t e m  u t i l i z e d  i n  t h i s  w o r k  a s  w e l l  a s  t h e  
r e l a t i o n  o f  e l e c t r i c a l  m e a s u r e m e n t s  t o  EHD f i l m  i n  7205 s i z e  t h r u s t  
l o a d e d  b e a r i n g s  i s  d e s c r i b e d  i n  d e t a i l  i n  t h e  S u p p l e m e n t a l  R e p o r t  
t o  t h i s  T a s k  p u b l i s h e d  c o n c u r r e n t l y  h e r e w i t h  w h i c h  i s  b o u n d  
s e p a r a t e l y .  

I n  t h e  f i l m  m e a s u r i n g  p h a s e  o f  t h e  p r e s e n t  p r o g r a m ,  f o u r  
d i f f e r e n t  t y p e s  o f  l u b r i c a n t s  were e v a l u a t e d  u s i n g  
t h e  5 E F  d e v e l o p e d  f i l m  m e a s u r i n g  s y s t e m  t o  d e t e r m i n e  E H D  f i l m  
f o r m i n g  c h a r a c t e r i s t i c s  a s  a f u n c t i o n  o f  t e m p e r a t u r e  a n d ,  i n  
s e v e r a l  c a s e s ,  l o a d  a n d  s p e e d .  T h e  i n f o r m a t i o n  o b t a i n e d  i n  
t h e s e  t e s t s  w a s  t h e n  u t i l i z e d  i n  i n t e r p r e t i n g  t h e  b e h a v i o r  o f  
s i m i l a r  f l u i d s  i n  e n d u r a n c e  a n d  s c r e e n i n g  t e s t s  w h i c h  were 
c o n d u c t e d  i n  t h i s  a n d  o t h e r  p r o g r a m s .  

" E x p e r i m e n t s  w i t h  f u l l  s c a l e  b e a r i n g s  h a v e  b e e n  r e p o r t e d  b y  
G a r n e l l  G H i g g i n s o n  (13) a n d  s o m e  e x p l o r a t o r y  t e s t s  were 
c o n d u c t e d  i n  t h e  S K F  I n d u s t r i e s  R e s e a r c h  L a b o r a t o r y  
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T h e  EHD l u b r i c a n t  f i l m  t h i c k n e s s  m e a s u r e m e n t s  c o n t a i n e d  i n  
t h i s  r e p o r t  r e p r e s e n t  t h e  f i r s t  s u c c e s s f u l  w o r k  t o  r e d u c e  t o  
p r a c t i c e  i n  f u l l - s c a l e  b e a r i n g s  t h e  e l e c t r i c a l  f i l m  m e a s u r i n g  
t e c h n i q u e s  w h i c h  h e r e t o f o r e  were a d a p t e d  o n l y  i n  e l e m e n t  c o n f i g u r -  
a t i o n s .  T h e  i n s t r u m e n t a t i o n  a n d  m e t h o d  d e v e l o p e d  h e r e i n  i s  
c o n s i d e r e d  a t o o l  f o r  t h e  e x p l o r a t i o n  o f  EHD f i l m - c o n d i t i o n s  a n d  
s h o u l d  f i n d  e x t e n s i v e  u s e  i n  f u t u r e  b e a r i n g  a n d  l u b r i c a n t  
e v a l u a t i o n  w o r k .  

B A C K G R O U N D  

I t  w a s  s t a t e d  i n  t h e  F i n a l  R e p o r t  i s s u e d  u n d e r  NASw-492 ( 2 )  
t h a t  a c o r r e l a t i o n  b e t w e e n  e l a s t o h y d r o d y n a m i c  f i l m  c o n d i t i o n  
a n d  b e a r i n g - l u b r i c a n t  p e r f o r m a n c e  h a s  e m e r g e d  i n  p a s t  t e s t s  w i t h  
7205- s i ze  a n g u l a r - c o n t a c t  b a l l  b e a r i n g s  o p e r a t e d  a t  t e m p e r a t u r e s  
a b o v e  5 0 0 ° F  a t  s p e e d s  i n  e x c e s s  o f  2 0 , 0 0 0  r p m ,  u s i n g  a v a r i e t y  
o f  f l u i d  l u b r i c a n t s .  S p e c i f i c a l l y ,  t h e  e l i m i n a t i o n  o f  g l a z i n g  
t y p e  s u r f a c e  d i s t r e s s  o f  t h e  r i n g s  a p p e a r s  t o  r e q u i r e  a f i l m  
c o n d i t i o n  where  t h e  f i l m  t h i c k n e s s / s u r f a c e  r o u g h n e s s  r a t i o n ,  h/d) 
i s  g r e a t e r  t h a n  1 . 5 .  I t  w a s  a l s o  s t a t e d  i n  t h e  s a m e  F i n a l  R e p o r t  
t h a t  s m e a r i n g  ( g a l l i n g )  t y p e  m e t a l  t r a n s f e r  o c c u r r e n c e s  b e t w e e n  
b a l l s  a n d  g r o o v e s  h a v e  c a u s e d  n u m e r o u s  e a r l y  b e a r i n g  f a i l u r e s  
w i t h  some  o f  t h e  l u b r i c a n t s .  T h e s e  a r e  a t t r i b u t e d  t o  t h e  
u n s a t i s f a c t o r y  b o u n d a r y  l u b r i c a t i n g  a b i l i t y  o f  t h e  l u b r i c a n t s  
f o r  t h e  p r e v a i l i n g  o p e r a t i n g  c o n d i t i o n s  w h i c h  a r e  b e l i e v e d  t o  
i n v o l v e  h i g h  i n s t a n t a n e o u s  s l i d i n g  v e l o c i t i e s  i n  t h e  b a l l / g r o o v e  
c o n t a c t ,  e i t h e r  b e c a u s e  o f  a c c e l e r a t i o n s  w h e n  c o m i n g  u p  t o  
s p e e d ,  d u e  t o  u n c e r t a i n  b a l l - s p i n  c o n t r o l  i n  t h e  p r e s e n c e  o f  
g y r o s c o p i c  m o m e n t s  o n  t h e  b a l l s  o r  d u e  t o  t h e r m a l  i n b a l a n c e  
o c c u r r e n c e s .  T h e  e v i d e n c e  u s e d  t o  s u p p o r t  t h e  m e c h a n i s m s  o f  
f a i l u r e  p o s t u l a t e d  i n  ( 1 9 )  c o m e s  f r o m  f i l m  c o n d i t i o n  m e a s u r e -  
m e n t s  p e r f o r m e d  i n  r o l l i n g - e l e m e n t  c o n f i g u r a t i o n s  ( 2 0 ,  2 1 ) ”  

I t  i s  r e c o g n i z e d  t h a t  e x t r a p o l a t i o n  o f  f i l m  c o n d i t i o n  
c a l c u l a t i o n s  t o  o p e r a t i n g  c o n d i t i o n s  o f  5 0 0 ° F  a n d  h i g h e r ,  w i t h  
t h e  s p e e d ,  g e o m e t r y ,  a n d  l u b r i c a n t  v a r i a b l e s  s u b s t a n t i a l l y  
d i f f e r e n t  f r o m  t h o s e  u s e d  a s  t h e  b a s i s  o f  t h e  c a l c u l a t i o n s  i s  
a n  e x p e d i e n t .  I t  i s  u s e d  i n  t h e  a b s e n c e  o f  m o r e  d i r e c t  d a t a  a n d  
i s ,  a t  b e s t ,  i n a c c u r a t e ,  a n d  a t  w o r s t ,  m i s l e a d i n g .  I n  o r d e r ,  
t h e r e f o r e ,  t o  b e t t e r  d e f i n e  t h e  e l a s t o h y d r o d y n a m i c  l u b r i c a t i o n  
c o n d i t i o n s  i n  h i g h - s p e e d  h i g h - t e m p e r a t u r e  b e a r i n g  t e s t s  d i r e c t  
e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  l u b r i c a n t  f i l m  v a r i a b l e s  i s  
d e s i r a b l e .  I t  s h o u l d  a l s o  b e  p o s s i b l e  t o  d e t e r m i n e  w h a t  e f f e c t  
t h e  many c h e m i c a l l y  d i f f e r e n t  l u b r i c a n t s  h a v e  o n  b e a r i n g  
p e r f o r m a n c e .  
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of a suitable film measuring system for use with operating 7205- 
size bearings (and any other thrust loaded ball bearing) was under- 
taken in Task 3 o f  this contract (5). A film measuring system has 
been made operational for which theory and engineering development 
is reported in detail in the Supplemental Report AL68T075 issued 
concurrently with this Final Report. 

Data obtained with the present system serve t o  establish 
film thickness as a function of operating parameters and the 
film thickness/roughness ratio as a function of bearing condition. 
The data also provides some information o n  the transient occurrences 
in the lubricant film that take place during acceleration and at 
incipient failure. 

INSTRUMENTATION AND TEST RIG 

The instrumentation system and modified variable speed test 
rig used in this program are described in detail in the 
SupplemenLal Report to this Task (18). 

Test Bearings 

Lubricant film measurements were conducted using a total o f  
twelve MSO steel 7205 VAP bearings described in Phase I of this 
report with design details shown in Enclosure 6. The nine bear- 
ings used in the measurements were = black oxide coated since 
the presence o f  an insulating boundary lubricant coating 
interfers with the film thickness measuring system as explained 
in (18). 

The cages used in all test bearings were similar in design 
to the standard M1 steel cages shown in Enclosure 8 but were 
made of a special non-metallic, high temperature polyimide 
material manufactured by DuPont de Nemours & C o . ,  I n c . ,  
Wilmington, Delaware and designated as Vespel SP-1. The 
polyimide cage is used to prevent electrical ball-to-ball 
shorting of the measuring signal which would invalidate the 
probability analyses described in (18) which are used to convert 
measurement data to film parameters. 

Three supporting bearings (non-test bearings) were used and 
these were of the standard 7205 VAP design as described in 
Phase I of this report and shown in Enclosure 6, having black 
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c o a t e d  M5O s t e e l  r i n g s  a n d  b a l l s  a n d  s i l v e r  p l a t e d  M 1  s t e e l  c a g e s .  

T e s t  L u b r i c a n t s  

F i v e  g a l l o n  q u a n t i t i e s  o f  f o u r  d i f f e r e n t  l u b r i c a n t s  were 
o b t a i n e d  f o r  u s e  i n  t h e  f i l m  m e a s u r i n g  p h a s e  o f  t h e  p r o g r a m .  
T h e s e  were M o n s a n t o  MCS-354 ( a  p o l y p h e n y l  e t h e r ) ,  S i n c l a i r  T u r b o - S  
O i l  15 ( a n  e s t e r  w h i c h  i s  t h e  b a s e  s t o c k  o f  T u r b o - S  1 0 4 8  I m p r o v e d ) ,  
M o b i l  XRM-109F ( a  s y n t h e t i c  p a r a f f i n i c  h y d r o c a r b o n  a n d  b a s e  s t o c k  
O f  XRM-177F1, a n d  D u P o n t  K r y t o x  143AC ( a  p e r f l u o r o  a l k y l  p o l y e t h e r ) .  
T y p i c a l  p r o p e r t i e s  o f  t h e s e  l u b r i c a n t s  a r e  p r e s e n t e d  i n  A p p e n d i x  1. 
To a v o i d  a n y  m i s l e a d i n g  r e s u l t s  c a u s e d  b y  a d d i t i v e  a c t i o n  a t  t h e  
c o n t a c t i n g  s u r f a c e s ,  a s  d i s c u s s e d  i n  (181, b a s e  s t o c k  ( a d d i t i v e -  
f r e e )  o i l s  were u s e d .  I n  t h e  c a s e  o f  t h e  u s u a l  b o u n d a r y  l u b r i -  
c a t i o n  a d d i t i v e s  u s e d  i n  s m a l l  c o n c e n t r a t i o n  i t  i s  g e n e r a l l y  
t h o u g h t  t h a t  l u b r i c a n t s  w i l l  e x h i b i t  EHD f i l m  f o r m i n g  c h a r a c t e r -  
i s t i c s  s i m i l a r  t o  t h o s e  o f  t h e  b a s e  s t o c k s  f r o m  w h i c h  t h e y  a r e  
d e r i v e d  b e c a u s e  t h e  a d d i t i v e s  d o  n o t  c h a n g e  b u l k  p h y s i c a l  
p r o p e r t i e s  o f  t h e  f l u i d s .  
p r e s e n t e d  i n  t h i s  r e p o r t  s h o u l d ,  t h e r e f o r e ,  b e  a p p l i c a b l e  t o  t h e  
c o m p o u n d e d  o i l s  ( b a s e  p l u s  a d d i t i v e s )  w h i c h  h a v e  a c c u m u l a t e d  a 
c o n s i d e r a b l e  a m o u n t  o f  t e s t i n g  e x p e r i e n c e  i n  t h i s  a s  w e l l  a s  
o t h e r  p r o g r a m s  (1 ,  2 ,  4 ,  5). A d i s c u s s i o n  o f  t h e s e  l u b r i c a n t s  
f o l l o w s .  

T h e  l u b r i c a n t  f i l m  t h i c k n e s s  r e s u l t s  

a )  M o n s a n t o  C h e m i c a l  Company WCS-354-Polyphenyl  E t h e r  

T h i s  f l u i d  i s  a mixed i s o m e r i c  f i v e - r i n g  p o l y p h e n y l  e t h e r .  
It h a s  e x c e l l e n t  t h e r m a l  s t a b i l i t y ,  g o o d  o x i d a t i o n  r e s i s t a n c e ,  
g o o d  l u b r i c i t y  a n d  r a d i a t i o n  r e s i s t a n c e .  
b y  t h e  a d d i t i o n  o f  a n  o x i d a t i o n  i n h i b i t o r  t o  M o n s a n t o  OS-124 
l u b r i c a n t .  T h i s  t y p e  o f  a d d i t i v e  (0.2% b y  w e i g h t  o r g a n o t i n ;  
c a r b o n ,  h y d r o g e n ,  t i n )  i s  n o t  t h o u g h t  t o  e f f e c t  t h e  a c c u r a c y  
o f  t h e  f i l m  m e a s u r i n g  system b e c a u s e  i t  i s  n o t  b e l i e v e d  t o  f o r m  
a n  i n s u l a t i n g  s u r f a c e  l a y e r .  MCS-354 l u b r i c a n t ,  t h e n ,  h a s  
p h y s i c a l  a n d  l u b r i c a t i o n  p r o p e r t i e s  s i m i l a r  t o  0 5 - 1 2 4  l u b r i c a n t .  
E n d u r a n c e  t e s t s  w i t h  OS-124 l u b r i c a n t  a n d  7205 s i z e  t o o l  s t e e l  
b e a r i n g s  i n  a n  e a r l i e r  p r o g r a m  ( 2 )  r e s u l t e d  i n  l u b r i c a t i o n  
f a i l u r e s  a t  600°F o r  l o w e r ,  a t  l i v e s  l e s s  t h a n  t h e  c a l c u l a t e d  
L1o l i f e .  

T h e  f l u i d  i s  p r o d u c e d  
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b )  S i n c l a i r - R e f i n i n g  Company T u r b o - S  O i l  15-Ester B a s e  L u b r i c a n t  

T u r b o - S  O i l  15 i s  t h e  b a s e  s t o c k  o f  T u r b o - §  1 0 4 8  ( I m p r o v e d )  
o i l ,  t h e  l a t t e r  c o n t a i n i n g  a p r o p r i e t a r y  b o u n d a r y  l u b r i c a t i n g  
a d d i t i v e  p a c k a g e .  T u r b o - S  1 0 4 8  ( I m p r o v e d )  o i l  h a s  shown  
e x c e l l e n t  h i g h  t e m p e r a t u r e  c a p a b i l i t y  i n  7 0 0 ° F  o p e r a t i o n  o f  j e t  
e n g i n e  m a i n s h a f t  s i z e  b e a r i n g s  u n d e r  s i m u l a t e d  j e t  e n g i n e  
o p e r a t i n g  c o n d i t i o n s  ( 1 ) .  

c )  M o b i l  O i l  Company X R M - 1 0 9 F - S y n t h e t i c  P a r a f f i n i c  H y d r o c a r b o n  

T h i s  f l u i d  i s  a h y d r o c a r b o n  m a t e r i a l  s y n t h e s i z e d  b y  t h e  
p o l y m e r i z a t i o n  o f  a f a i r l y  p u r e  m o n o - o l e f i n  s o  t h a t  i t  c a n  b e  
c o n s i d e r e d  a s i n g l e  c h e m i c a l  s p e c i e s  c o m p o s e d  o f  m o l e c u l e s  o f  a 
c h a i n  l e n g t h  d i s t r i b u t i o n  d e p e n d i n g  o n  t h e  t y p e ,  m e t h o d  a n d  
d e g r e e  o f  p o l y m e r i z a t i o n .  It  h a s  r e a s o n a b l y  g o o d  r e s i s t a n c e  t o  
t h e r m a l  d e g r a d a t i o n  a n d  i s  s u s c e p t i b l e  t o  a d d i t i v e  i m p r o v e m e n t .  

M o b i l  XRM-109F l u b r i c a n t  f r o m  two  l o t s  ( l o t  2 a n d  l o t  3) 
was  u s e d  t o  p e r f o r m  f i l m  m e a s u r e m e n t s  r e p o r t e d  h e r e i n .  A v e r y  
s l i g h t  v i s c o s i t y  d i f f e r e n c e ,  c o n s i d e r e d  i n s i g n i f i c a n t  f o r  f i l m  
m e a s u r e m e n t  r e s u l t s ,  e x i s t s  b e t w e e n  t h e  t w o  l o t s  a s  seen i n  
A p p e n d i x  I .  

I n  a n  e a r l i e r  r e s e a r c h  p r o g r a m  (21, e n d u r a n c e  t e s t s  w i t h  
XRM-109F l u b r i c a n t  a n d  7 2 0 5  s i z e  t o o l  s t e e l  b e a r i n g s  r e s u l t e d  i n  
a s u p e r f i c i a l  p i t t i n g  o r  " g l a z i n g "  t y p e  o f  s u r f a c e  d i s t r e s s  i n  
t h e  b e a r i n g  r a c e w a y s  a n d  a l s o  b e a r i n g  s m e a r i n g  f a i l u r e s  a t  
r e l a t i v e l y  l o w  l i v e s .  T h i s  f l u i d ,  w i t h o u t  a d d i t i v e s  i s  t h e r e f o r e  
c o n s i d e r e d  u n a c c e p t a b l e  f o r  l o n g  term b e a r i n g  o p e r a t i o n  a t  
t e m p e r a t u r e  i n  t h e  6 0 0 ° F  r a n g e .  H o w e v e r ,  i n  t h e  s a m e  p r o g r a m  
a n d  a l s o  i n  t w o  o t h e r  r e s e a r c h  p r o g r a m s  ( 4 . 5 )  KRM-177F 
l u b r i c a n t  (XRM-109F c o n t a i n i n g  a p r o p r i e t a r y  a n t i - w e a r  a d d i t i v e ) ,  
e x h i b i t e d  v e r y  g o o d  p e r f o r m a n c e  f o r  l o n g  term b e a r i n g  o p e r a t i o n  
a t  6 0 0 ° F  ( n o  d e r a t i n g  i n  b e a r i n g  c a t a l o g u e  l i f e  r e q u i r e d )  a n d  
f o r  s h o r t e r  t imes  a t  up  t o  75O0F.  XRM-177F l u b r i c a n t  w a s  
a l s o  u s e d  i n  e n d u r a n c e  t e s t s  a t  7 0 0 ° F  c o n d u c t e d  i n  t h i s  
p r e s e n t  t a s k . w i t h  r e s u l t s  d i s c u s s e d  i n  P h a s e  I o f  t h i s  r e p o r t .  
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d )  D u P o n t  Company K r Y t o x  1 4 3 A C - P e r f l u o r o  A l k y l  P o l y e t h e r  

T h i s  f l u i d  i s  a p e r f l u r o i n a t e d  p o l y e t h e r  h a v i n g  
e x c e l l e n t  t h e r m a l  a n d  o x i d a t i v e  s t a b i l i t y  a n d  h i g h  t e m p e r a t u r e  
v i s c o s i t y  ( 2 . 1 ~ ~  a t  5 0 0 ° F ) .  I t  d o e s ,  h o w e v e r ,  e x h i b i t  s o m e  
c o r r o s i v e  e f f e c t s  o n  m a r t e n s i t i c  s t e e l s  a t  t e m p e r a t u r e s  a b o v e  
5 5 0 ° F  w h i c h  s o m e w h a t  l i m i t s  i t s  u s e f u l n e s s  b y  d i c t a t i n g  t h e  u s e  
o f  s p e c i a l  n i c k e l  a l l o y s  f o r  a l l  w e t t e d  p a r t s ,  o t h e r  t h a n  
b e a r i n g s ,  f o r  e x t e n d e d  t e s t  r u n s .  T h i s  f l u i d  h a s  a p p e a r e d  
f a v o r a b l e  i n  p r e l i m i n a r y  b e n c h - t y p e  s c r e e n i n g  t e s t s  b o t h  a t  N A S A  
a n d  5 K F  I n d u s t r i e s ,  I n c . ,  ( 2 )  a n d  h a s  a l s o  shown p r o m i s i n g  
p e r f o r m a n c e  i n  s i m u l a t e d  j e t - e n g i n e  m a i n s h a f t  b e a r i n g  t e s t s  a t  
t e m p e r a t u r e s  up  t o  7 0 0 ° F  ( 1 ) .  T h e  f l u i d  w a s  a l s o  u s e d  i n  a t t e m p t e d  
e n d u r a n c e  t e s t s  o f  7205 b e a r i n g s  made  o f  M50 s t e e l  a t  6 0 0 ° F  i n  
t h e  p r e s e n t  p r o g r a m  w i t h  r e s u l t s  d i s c u s s e d  i n  P h a s e  I o f  t h i s  
r e p o r t .  

TEST PROCEDURES 

T h e  p r o c e d u r e  u s e d  f o r  a l l  f i l m  m e a s u r e m e n t s  r e p o r t e d  
h e r e  i s  a s  f o l l o w s  u n l e s s  o t h e r w i s e  i n d i c a t e d :  

1. P r i o r  t o  r u n n i n g  a t e s t  s e r i e s ,  t h e  s u r f a c e  r o u g h n e s s  
v a l u e s  o f  t h e  t e s t  b e a r i n g  r o l l i n g  e l e m e n t s  ( r i n g s  a n d  b a l l s )  a r e  
m e a s u r e d  a n d  t h e  c o m p o s i t e  rms s u r f a c e  r o u g h n e s s  v a l u e  o f  t h e  
b e a r i n g ,  u, i s  c o m p u t e d  a s  s h o w n  i n  A p p e n d i x  11. G r o o v e  p r o f i l e  
t r a c e s  o f  s o m e  b e a r i n g s  may a l s o  b e  made  p r i o r  t o  t e s t i n g  a s  
n e e d e d .  

2 .  T h e  r i g  i s  a s s e m b l e d  a n d  c h e c k e d  t o  i n s u r e  t h a t  a l l  
e l e c t r i c a l  c o n n e c t i o n s  t o  t h e  m e a s u r i n g  s y s t e m  a r e  p r o p e r l y  
m a d e .  T h e  i n s t r u m e n t s  c o m p r i s i n g  t h e  m e a s u r i n g  s y s t e m  a r e  a l l o w e d  
t o  warm-up f o r  a p p r o x i m a t e l y  o n e  h a l f  h o u r  b e f o r e  m a k i n g  t h e  
n e c e s s a r y  p r e - t e s t  s e t t i n g s  a s  s p e c i f i e d  i n  (18) .  T h e  r i g  i s  
s t a r t e d  i n  a c c o r d a n c e  w i t h  s t e p  No's. 1, 2 a n d  3 o f  t h e  t e s t  
p r o c e d u r e  d e s c r i b e d  i n  P h a s e  I o f  t h i s  r e p o r t  ( p a g e  10) a n d  i s  
r u n  i n  a c c o r d a n c e  w i t h  s t e p  No. 5 g i v e n  t h e r e .  S l o w  s p e e d  
s t a r t - u p  p r o c e d u r e s  a r e  a l w a y s  u s e d .  
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3 .  After r e a c h i n g  t h e  p r e s c r i b e d  t e s t  s p e e d ,  l u b r i c a n t  
f i l m  m e a s u r e m e n t s  a r e  t a k e n  a t  e a c h  o f  t h e  s p e c i f i e d  t e m p e r -  
a t u r e s  a s  m e a s u r e d  a t  t h e  b e a r i n g  o u t e r  r i n g  b y  m e a n s  o f  a t h e r m o -  
c o u p l e  a n d  a p r e c i s i o n  p o t e n t i o m e t e r ,  u n l e s s  t h e  f i l m  i s  t o o  t h i n  
t o  b e  m e a s u r e d  i n  w h i c h  c a s e  t h e  t e s t  i s  t e r m i n a t e d .  M e a s u r e -  
m e n t s  a r e  a l s o  t a k e n  a t  s e v e r a l  i n t e r m e d i a t e  t e m p e r a t u r e s .  
After  c o m p l e t i n g  a l l  m e a s u r e m e n t s ,  t h e  r i g  i s  m a n u a l l y  s h u t  down 
a n d  a l l o w e d  t o  c o o l .  After c o o l i n g ,  a s a m p l e  o f  t h e  t e s t  o i l  
may b e  t a k e n  f o r  c h e m i c a l  a n a l y s i s .  If d e s i r e d ,  t h e  r i g  c a n  
l a t e r  b e  r e - s t a r t e d  a n d  a d d i t i o n a l  t e s t s  w i t h  t h e  p a r t i c u l a r  
b e a r i n g - l u b r i c a n t  c o m b i n a t i o n  may b e  r u n .  

4 -  T h e  r i g  i s  d i s a s s e m b l e d  a n d  t h e  t e s t  b e a r i n g  a n d  
s u p p o r t i n g  b e a r i n g  a r e  v i s u a l l y  e x a m i n e d .  T h e  p o s t - t e s t  s u r f a c e  
r o u g h n e s s e s  o f  t h e  t e s t  b e a r i n g  r o l l i n g  e l e m e n t s  ( r i n g s  a n d  
b a l l s )  a r e  m e a s u r e d ,  P r o f i l e  t r a c e s  o f  t h e  t e s t  b e a r i n g  r i n g s  
may a l s o  b e  made  i f  r e q u i r e d .  In i n s t a n c e s  w h e r e  t h e  t e s t  
b e a r i n g  s h o w s  severe  s u r f a c e  d i s t r e s s ,  i t  i s  s o m e t i m e s  i m p o s s i b l e  
t o  m a k e  m e a n i n g f u l  r o u g h n e s s  m e a s u r e m e n t s  o r  t r a c e s ;  h o w e v e r ,  a 
p h o t o g r a p h i c  r e c o r d  o f  t h e  t e s t e d  b e a r i n g  i s  a l w a y s  k e p t .  
S u p p o r t i n g  b e a r i n g s  w h i c h  a r e  n o t  f a i l e d  o r  d a m a g e d ,  a r e  
r e p l a c e d  i n  t h e  r i g  a n d  u s e d  i n  f o l l o w i n g  t e s t s .  

5 .  T h e  r a w  m e a s u r e m e n t  d a t a  o b t a i n e d  f r o m  t h e  t e s t s  a r e  
r e d u c e d  t o  f i l m  p a r a m e t e r s  (h/' r a t i o s  o r  f i l m  t h i c k n e s s )  w h i c h  
a r e  p l o t t e d  a g a i n s t  t e m p e r a t u r e  w i t h  c u r v e s  f o l l o w i n g  d a t a  p o i n t s  
v e r y  c l o s e l y .  T h e  c u r v e s  t h u s  p l o t t e d  a r e  p r e s e n t e d  i n  E n c l o s u r e s  
l?  ( A G B )  t h r o u g h  26 (A&B) w i t h  ' * A t 1  l e t t e r e d  e n c l o s u r e s  b e i n g  
c o m p o s i t e s  o f  t h e  i n d i v i d u a l  t e s t  r u n s  w i t h  a g i v e n  o i l  a n d  "B" 
l e t t e r e d  e n c l o s u r e s  s h o w i n g  t h e  i n d i v i d u a l  t e s t  r u n s  i n c l u d i n g  
d a t a  p o i n t s .  F o r  c o n d u c t i v i t y ,  d a t a  o b t a i n e d  u s i n g  t h e  5 k i l o h m s  
r e s i s t a n c e  were p l o t t e d .  O f  t h e  t h r e e  r e s i s t a n c e s  u s e d  f o r  a c q u i s -  
i t i o n  o f  c o n d u c t i v i t y  d a t a  ( 5 ,  15 & 50  KR) 5 k i l o h m s  w a s  c h o s e n  a s  
m o s t  c l o s e l y  s a t i s f y i n g  t h e  g u i d e l i n e s  s e t  f o r t h  i n  (18) .  D a t a  
r e d u c t i o n  i s  a c c o m p l i s h e d  t h r o u g h  t h e  u s e  o f  " c a l i b r a t i o n "  c u r v e s  
d e v e l o p e d  a n d  p r e s e n t e d  i n  (18) .  F o r  c o m p a r i s o n  p u r p o s e s ,  t h e  
i s o t h e r m a l  t h e o r e t i c a l  h/o\ v s .  t e m p e r a t u r e  c u r v e  i s  a r r i v e d  a t  
u s i n g  t h e  c o m p u t a t i o n a l  m e t h o d  p r e s e n t e d  i n  A p p e n d i x  I o f  ( 2 ) .  
V a l u e s  f o r  p r e s s u r e - v i s c o s i t y  c o e f f i c i e n t  were o b t a i n e d  b y  m e a n s  
o f  A p p e l d o o r n ' s  e m p i r i c a l  r e l a t i o n s  ( 2 2 1 ,  a n d  a l s o  u s i n g  m a n u f a c t -  
u r e r  s u p p l i e d  l u b r i c a n t  v i s c o s i t y  d a t a  f o r  t h e  v a r i o u s  b e a r i n g  
t e m p e r a t u r e s  l i s t e d  o n  p a g e  2 7 .  
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TEST RESULTS 

Gener a 1  

F i l m  m e a s u r e m e n t s  were t a k e n  a t  t h e  f o l l o w i n g  n o m i n a l  
t e m p e r a t u r e s  f o r  e a c h  t e s t  c o n d i t i a n  w i t h  e a c h  l u b r i c a n t :  
4 0 0 ° ,  4 5 0 ° ,  500°, 5 5 0 ° ,  5 7 5 O ,  6000, 625O.  650°, 6 7 5 O ,  a n d  700OF.  
I n  many i n s t a n c e s  v a l u e s  were a l s o  o b t a i n e d  a t  i n t e r m e d i a t e  
t e m p e r a t u r e s .  I n  some  c a s e s ,  t o  b e  d i s c u s s e d ,  t h e  f i l m  t h i c k n e s s  
w a s  t o o  l o w  t o  r e c o r d  d a t a .  F u r t h e r  i n  t h e  t e s t s  w i t h  DuPon t  
( K r y t o x  143AC) l u b r i c a n t ,  f i l m  t h i c k n e s s  d a t a  c o u l d  n o t  b e  
o b t a i n e d  a t  t e m p e r a t u r e s  m u c h  b e l o w  500°F  d u e  t o  t h e  r a p i d  temper- 
a t u r e  r i s e  o f  t h e  t e s t  b e a r i n g  when t h i s  l u b r i c a n t  w a s  u s e d .  On 
t h e  o t h e r  h a n d ,  i n  t e s t s  w i t h  S i n c l a i r  T u r b o  S O i l  15 ,  i t  w a s  
p o s s i b l e  t o  o b t a i n  d a t a  a t  t e m p e r a t u r e s  a s  l o w  a s  3 0 0 ° F  i n  some 
t e s t s .  

S i n c e  t h e r e  were a n u m b e r  o f  r e p e a t  r u n s  a t  t h e  v a r i o u s  
c o n d i t i o n s ,  i t  w a s  l a t e r  p o s s i b l e ,  b y  a v e r a g i n g  t h e  d a t a ,  t o  
p l o t  a r o u g h  c u r v e  o f  t e m p e r a t u r e  i n c r e a s e  vs time f o r  e a c h  o i l  
t e s t e d  a t  s i m i l a r  c o n d i t i o n s  i n  t h e  s a m e  r i g ,  T h e s e  d a t a  o f f e r  
c o m p a r i s o n s  b e t w e e n  t h e  h e a t  g e n e r a t i o n  r a t e  w i t h  t h e  v a r i o u s  
o i l s  t e s t e d  a n d  a r e  g i v e n  i n  E n c l o s u r e  18. 

T h e  l u b r i c a n t s  were t e s t e d  a t  t h e  f o l l o w i n g  c o n d i t i o n s :  
Max. H e r t z i a n  S t r e s s  

T h r u s t  S p e e d  ( P s i  x 100Q)" '  
O u t e r  -- F l u i d  L o a d  ( L b s . )  ( r p m )  I n n e r  

M o b i l  4 5 9  4 3 , 0 0 0  250 2 39 
XRM-109F 300 43,000 2 1 5  2 1 8  

2 0 0  4 3 , 0 0 0  186 2 0 3  
3 4 5  2 0 , 0 0 0  239** 2 0 9 0 *  

M o n s a n t o  
MCS-354 300 43,000 2 1 5  218 

D u P o n t  
K r y t o x  300 
143AC 

S i n c l a i r  
T u r b o  S 300 

43,000 

43,000 

2 1 5  

2 1 5  

2 18 

2 1 8  

O i l  15 

* C a l c u l a t e d  f o r  t h e  d y n a m i c  c o n d i t i o n s  u s i n g  a c o m p u t e r  s o l u t i o n .  
* + I n t e r p o l a t e d  v a l u e s  ( b e t w e e n  c o m p u t e r  c a l c u l a t e d  s t r e s s  v a l u e s  

f o r  t h r u s t  l o a d s  o f  300 a n d  3 6 0  l b s ,  

-27-  

RESEARCH LABORATORY SKP I N D U S T R I E S ,  I N C .  



AL 6 8 T 0 0  5 

T h e  r e s u l t s  o f  t h e s e  s t u d i e s  a r e  p r e s e n t e d  a s  h/Q v s  
t e m p e r a t u r e  p l o t s  i n  E n c l o s u r e s  19 t h r o u g h  2 6 .  T h e  c o m p u t e d  
i s o t h e r m a l  t h e o r e t i c a l  f i l m  t h i c k n e s s  b a s e d  o n  f o r m u l a s  
g i v e n  i n  ( 2 )  were u s e d  t o  c a l c u l a t e  t h e o r e t i c a l  h / a  c u r v e s  a l s o  
g i v e n  f o r  c o m p a r i s o n  i n  t h e s e  e n c l o s u r e s .  D e t a i l e d  d e s c r i p t i o n s  
o f  t h e  t e s t  s e r i e s  r u n  w i t h  e a c h  o i l  f o l l o w .  D i s c u s s i o n  o f  t h e  
r e s u l t s  a n d  c o n c l u s i o n s  a r e  p r e s e n t e d  i n  t h e  s e c t i o n  t h e r e a f t e r .  

FILM MEASUREMENT S 

a .  M o b i l  XRM-109F 

F o u r  s e r i e s  o f  f i l m  m e a s u r i n g  t e s t s  were c o n d u c t e d  
w i t h  t h i s  l u b r i c a n t .  T h r e e  t e s t  s e r i e s  were r u n  a t  4 3 , 0 0 0  rpm 
a t  b e a r i n g  t h r u s t  l o a d s  o f  459,300 a n d  200 l b s .  r e s p e c t i v e l y  
a n d  o n e  t e s t  s e r i e s  w a s  r u n  a t  20 ,000  rpm a t  a t h r u s t  l o a d  o f  3 4 5  
l b s .  Maximum i n n e r  a n d  o u t e r  r i n g  H e r t z i a n  c o n t a c t  s t r e s s e s  
c o m p u t e d  f o r  t h e  t h r u s t  l o a d s  u s e d  a n d  t a k i n g  t h e  d y n a m i c  f o r c e s  
o f  t h e  b e a r i n g s  a t  s p e e d  i n t o  a c c o u n t  a r e  g i v e n  i n  t h e  p r e c e e d i n g  
p a r a g a p h s .  

O f  t h e  t e s t  s e r i e s ,  N o . ' s  1 ,  2 a n d  3 were r u n  a t  4 3 , 0 0 0  
rpm a t  t h r u s t  l o a d s  o f  4 5 9 , 3 0 0  a n d  200 l b s .  r e s p e c t i v e l y .  Results 
o f  l u b r i c a n t  f i l m  m e a s u r e m e n t s  f o r  t h e s e  t h r e e  t e s t  s e r i e s  a r e  
g i v e n  i n  E n c l o s u r e s  1 9 ,  20 a n d  2 1  r e s p e c t i v e l y .  A t o t a l  o f  5 
f i l m  m e a s u r i n g  t e s t s  ( l B ,  l C ,  l D ,  l E ,  1 F )  c o m p r i s e  s e r i e s  N o .  1 ;  
5 t e s t s  (2A,  2 B ,  2 C ,  2D,  2 F )  c o m p r i s e  s e r i e s  No.  2 ;  a n d  3 t e s t s  
( 3 A .  3 E ,  3 F )  c o m p r i s e  s e r i e s  No. 3. Two t e s t  b e a r i n g s  ( b r g s .  
81 a n d  82)  were u s e d  f o r  t h e  t h r e e  t e s t  s e r i e s .  B o t h  b e a r i n g s  
a l r e a d y  h a d  a few h o u r s  o f  r u n n i n g  t ime o n  t h e m  b e f o r e  b e i n g  
u s e d  i n  t h e  f i l m  m e a s u r i n g  t e s t s .  B e a r i n g  $1 w a s  u s e d  f o r  a l l  
t e s t s  e x c e p t  2 F ,  3E a n d  3 F  f o r  w h i c h  t e s t s  b e a r i n g  tf2 w a s  u s e d .  
B e a r i n g s  81 a n d  8 2  h a d  c o m p o s i t e  r o u g h n e s s  v a l u e s  when new,  o f  
a = 2 . 6  a n d  2 . 5  m i c r o i n c h e s  rms, r e s p e c t i v e l y  a n d  t h e  a b o v e  
l i s t e d  E n c l o s u r e s  s h o w  t h a t  n o  s i g n i f i c a n t  d i f f e r e n c e  e x i s t e d  
i n  t h e  f i l m  r a t i o  r e s u l t s  f o r  t h e  t w o  b e a r i n g s .  
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I n  c o m p a r i n g  t h e  t e s t s ,  t h r e e  m a i n  f i n d i n g s  b e c o m e  
a p p a r e n t .  

F i r s t ,  i n  t h e  l o w e r  p o r t i o n  o f  t h e  t e m p e r a t u r e  r a n g e ,  
b e l o w  6 0 0 ° F ,  e x p e r i m e n t a l l y  m e a s u r e d  f i l m  t h i c k n e s s e s  a r e  o n  t h e  
o r d e r  o f  1/2 t h e  t h e o r e t i c a l l y  p r e d i c t e d  ( i s o t h e r m a l )  
n e s s e s .  

f i l m  t h i c k -  

S e c o n d ,  a s  p r e d i c t e d  b y  i s o t h e r m a l  t h e o r y ,  t h e  m e a s u r e d  
f i l m  t h i c k n e s s  d e c r e a s e s  w i t h  i n c r e a s i n g  l o a d .  

F i n a l l y ,  i n  e a c h  o f  t h e  t e s t  s e r i e s ,  a n  u n e x p e c t e a  
minimum i n  t h e  f i l m  t h i c k n e s s  c u r v e s  i s  s e e n  t o  o c c u r  b e t w e e n  
500°  a n d  6 0 0 ° F ,  i . e .  f i l m  t h i c k n e s s  d r o p s  w i t h  t e m p e r a t u r e  up  
t o  t h e s e  v a l u e s  b u t  a p p e a r s  t o  i n c r e a s e  a b o v e  t h e m .  I n  t e s t s  
2 F  a n d  3 F ,  f i l m  t h i c k n e s s  d r o p p e d  b e l o w  t h e  d e t e c t a b l e  l e v e l  
o f  t h e  f i l m  m e a s u r i n g  s y s t e m  a s  i s  i n d i c a t e d  i n  t h e  r e f e r e n c e d  
E n c l o s u r e e ,  b u t  t h e n  i n c r e a s e d  a g a i n  a r o u n d  600OF.  T h i s  r a t h e r  
u n e x p e c t e d  p h e n o m e n o n  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n  o f  
t h i s  r e p o r t .  

B o t h  t e s t  b e a r i n g s  a c c u m u l a t e d  m o r e  t h a n  30 h o u r s  o f  
o p e r a t i o n  a t  43,000 rpm d u r i n g  c o m p l e t i o n  o f  t e s t  s e r i e s  N o . ' s  
1,  2 a n d  3.  T h e  f i n a l  a p p e a r a n c e  o f  t h e  two b e a r i n g s  i s  shown i n  
E n c l o s u r e s  2 7  a n d  2 8 ,  a l o n g  w i t h  d a t a  o n  t o t a l  h o u r s  a t  v a r i o u s  
l o a d s  a n d  a l s o  s u r f a c e  r o u g h n e s s .  T h e  i n n e r  a n d  o u t e r  r a c e s  o f  
b o t h  b e a r i n g s  s h o w  g l a z i n g  a n d  p u l l i n g  t y p e  s u r f a c e  d i s t r e s s .  
P o s t - t e s t  r o u g h n e s s  m e a s u r e m e n t s  o f  t h e  b e a r i n g  r u n n i n g  s u r f a c e s  
g i v e n  i n  E n c l o s u r e s  27  a n d  2 8  f o r  b e a r i n g s  fL1 a n d  fL2 r e s p e c t i v e l y  
s h o w  a n  i n c r e a s e d  r o u g h n e s s  f o r  t h e  i n n e r  r i n g s  (75% a n d  50% 
i n c r e a s e  r e s p e c t i v e l y ) ,  m o s t  l i k e l y  d u e  t o  t h e  s u r f a c e  d i s t r e s s  
o f  b o t h  b e a r i n g s .  T h e  o u t e r  r i n g s  s h o w e d  a d r o p  i n  r o u g h n e s s  
(10% a n d  20% r e s p e c t i v e l y ) . "  T h e  b a l l s  o f  b o t h  b e a r i n g s  a l s o  
s h o w  i n c r e a s e s  i n  r o u g h n e s s .  

*It i s  r e c a l l e d  t h a t  t h e  l u b r i c a n t  u s e d  i s  a d d i t i v e  f r e e  

-29- 

RESEARCH LABORATORY S K F  I N D U S T R I E S ,  I N C .  



AL68T005 

M o b i l  XRM-109F l u b r i c a n t  f r o m  t w o  l o t s  w a s  u s e d  i n  t h e  
t h r e e  t e s t  s e r i e s  d i s c u s s e d  a b o v e .  L o t  2 0 x 1  was u s e d  f o r  
t e s t s  2 F ,  3 A  a n d  3F;  a l l  o t h e r  t e s t s  i n  t h e s e  t h r e e  s e r i e s  
were w i t h  l o t  3 o i l .  No d i f f e r e n c e  i n  r e s u l t s  a p p e a r s  b e t w e e n  
t h e  t w o  l o t s .  

T e s t  s e r i e s  No. 4 w a s  r u n  a t  20,000 r p m  a n d  3 4 5  l b s .  
t h r u s t  l o a d ,  T h i s  t h r u s t  l o a d  was s e l e c t e d  t o  g i v e  a maximum 
o u t e r  r i n g  H e r t z i a n  c o n t a c t  s t r e s s  c o m p a r a b l e  t o  t h e  maximum 
i n n e r  r i n g  H e r t z i a n  c o n t a c t  s t r e s s  w i t h  a 4 5 9  l b s .  t h r u s t  l o a d .  
T h r e e  t e s t s  ( 4 A ,  4 B ,  4C) c o m p r i s e  t h i s  t e s t  s e r i e s .  F i l m  
m e a s u r e m e n t  r e s u l t s  a r e  g i v e n  i n  E n c l o s u r e  2 2 .  A new b e a r i n g  (#3) 
w a s  u s e d  f o r  t h i s  s e r i e s  a n d  h a d  a c o m p o s i t e  r o u g h n e s s  v a l u e  o f  
e= 2 .5  m i c r o i n c h e s  rms, S t a r t i n g  w i t h  t e s t  4A, e a c h  s u c c e s s i v e  
t e s t  r e s u l t e d  i n  s l i g h t l y  h i g h e r  m e a s u r e d  f i l m  t h i c k n e s s e s  
s u g g e s t i n g  s o m e  b e a r i n g  r u n - i n  p h e n o m e n o n .  C a p a c i t a n c e  r e s u l t s  
o f  t e s t  4C s h o w  n e a r  t h e o r e t i c a l  f i l m  t h i c k n e s s e s  a t  t e m p e r -  
a t u r e s  s o m e w h a t  l e s s  t h a n  4 0 0 ° F  ( t h e o r e t i c a l  i s o t h e r m a l  f i l m  
t h i c k n e s s  a t  t h e s e  c o n d i t i o n s  i s  a b o u t  2 / 3  t h a t  a t  4 3 , 0 0 0  r p m  
a n d  4 5 9  l b s .  l o a d ) .  F i l m  t h i c k n e s s  f a l l s  o f f  q u i c k l y  a s  t e m p e r -  
a t u r e  i n c r e a s e s  i n  t h e  4 0 0 ° F  r a n g e  a s  e v i d e n c e d  b y  t h e  h i g h  
s l o p e  o f  t h e  c u r v e s .  T e s t s  were d i s c o n t i n u e d  when f i l m  
t h i c k n e s s  d r o p p e d  b e l o w  t h e  m e a s u r a b l e  r a n g e  b e t w e e n  500° a n d  5 5 0 0 F  
i n  t e s t  4B a n d  4C a n d  a t  a p p r o x i m a t e l y  4 5 0 ° F  f o r  t e s t  4A. 
T h e r e  a r e  no  c a p a c i t a n c e  m e a s u r e m e n t s  f o r  t e s t  4A s i n c e  f i l m  
t h i c k n e s s  i n  t h i s  t e s t  w a s  b e l o w  t h e  r a n g e  o f  t h e  c a p a c i t a n c e  
m e a s u r i n g  m e t h o d ,  T h e  t e s t  b e a r i n g  w a s  r e m o v e d  a f t e r  t h e  t e s t  
s e r i e s  a n d  i s  shown i n  E n c l o s u r e  2 9  a l o n g  w i t h  d a t a  o n  t o t a l  h o u r s  
a n d  s u r f a c e  f i n i s h .  E n c l o s u r e  36 s h o w s  t h e  g l a z e d  c o n d i t i o n  o f  
t h e  s u p p o r t  b e a r i n g  u s e d  i n  a l l  t e s t s  w i t h  t h i s  f l u i d .  

I t  i s  s e e n  t h a t  t h e  s u r f a c e  r o u g h n e s s e s  o f  b o t h  r i n g s  
d e c r e a s e d  b y  s o m e  10% t o  20% w h i l e  t h e  r o u g h n e s s  o f  t h e  b a l l s  
i n c r e a s e d  s l i g h t l y .  T h e  i n n e r  r i n g  o f  t h e  b e a r i n g  s h o w s  
s o m e  g l a z i n g  a n d  p u l l i n g  t y p e  s u r f a c e  d i s t r e s s  a f t e r  7.6 h o u r s  
o f  o p e r a t i o n .  M o b i l  XRM-109F l u b r i c a n t  f r o m  l o t  No. 2 w a s  
u s e d  e x c l u s i v e l y  f o r  t h i s  t e s t  s e r i e s .  T h e  s u r f a c e  d i s t r e s s  
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t h a t  a r o s e  c o r r e l a t e s  w i t h  t h e  r e l a t i v e l y  l o w  f i l m  t h i c k n e s s  
f o u n d .  A s  c a n  b e  s e e n  f r o m  E n c l o s u r e s  19-22 t h e r e  i s  g e n e r a l l y  
b e t t e r  a g r e e m e n t  b e t w e e n  t h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  f i l m  
t h i c k n e s s  r e s u l t s  a t  2 0 , 0 0 0  rpm t h a n  a t  43,000 rpm.  T h i s  i s  
v e r y  l i k e l y  d u e  t o  t h e  i n c r e a s e d  s p i n n i n g  h e a t  g e n e r a t i o n  a t  
t h e  h i g h e r  s p e e d ,  w h i c h  i n c r e a s e s  t h e  t h e r m a l  e f f e c t s  a n -  
a c c o u n t e d  f o r  i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n .  

b, S i n c l a i r  T u r b o - S  O i l  15 

T e s t  S e r i e s  No.  5 w a s  c o n d u c t e d  u s i n g  S i n c l a i r  T u r b o - S  
O i l  15 a n d  c o n s i s t s  o f  7 f i l m  m e a s u r i n g  t e s t s  (5A ,  5 B ,  5 C ,  5D, 5E, 
5F, 5 6 1 ,  t h e  r e s u l t s  o f  w h i c h  a r e  g i v e n  i n  E n c l o s u r e  23.  Two 
new t e s t  b e a r i n g s  were u s e d  f o r  t h i s  s e r i e s .  T h e  f i r s t  b e a r i n g  
( b r g ,  8 4 )  w a s  u s e d  i n  t e s t s  5 A ,  5 B ,  5 C  a n d  5 D  a n d  h a d  a c o m p o s i t e  
r o u g h n e s s  v a l u e ,  when n e w , o  ~ 2 . 6  m i c r o i n c h e s  rms. T h e  s e c o n d  
b e a r i n g  ( b r g .  #5)  w a s  u s e d  f o r  t e s t s  5 E ,  5 F  a n d  5 G  a n d  h a d  
m-2.5 m i c r o i n c h e s  rms. C a p a c i t a n c e  d a t a  c o u l d  b e  o b t a i n e d  o n l y  
i n  o n e  t e s t ,  5 6 .  I n  t e s t  S E I  t h e  f i l m  t h i c k n e s s  w a s  b e l o w  t h e  
m e a s u r a b l e  l e v e l  f o r  t h e  e n t i r e  t e s t  w i t h  b o t h  c o n d u c t i v i t y  
a n d  c a p a c i t a n c e  m e t h o d s  a s  i n d i c a t e d  i n  E n c l o s u r e  2 3 .  F i l m  
t h i c k n e s s  d a t a  a r e  p r e s e n t e d  i n  t h i s  t e s t  s e r i e s  a t  t e m p e r -  
a t u r e s  b e g i n n i n g  a t  a p p r o x i m a t e l y  250OF.  T h i s  i s  t h e  l o w e s t  
s t a r t i n g  t e m p e r a t u r e  f o r  a n y  o f  t h e  o i l s  t e s t e d  a n d  i s  made  
p o s s i b l e  b y  t h e  l o w  v i s c o s i t y  o f  t h e  l u b r i c a n t  ( o n e  c e n t i s t o k e  
a t  5 0 0 ° F )  a n d  c o n s e q u e n t  l o w  v i s c o u s  h e a t  g e n e r a t i o n .  

I n  o b s e r v i n g  t h e  f i l m  r a t i o  c u r v e s  f o r  t h i s  t e s t  s e r i e s ,  
s e v e r a l  t h i n g s  c a n  b e  s e e n .  

F i r s t ,  e x p e r i m e n t a l  f i l m  t h i c k n e s s  g e n e r a l l y  f a l l  
b e t w e e n  1 / 2  a n d  3 / 4  o f  t h e o r e t i c a l l y  p r e d i c t e d  v a l u e s  ( i . e .  i t  
i s  c l o s e r  t h a n  w i t h  XRM-109F). 

S e c o n d ,  t h e  e x p e c t e d  d e c r e a s e  i n  f i l m  t h i c k n e s s  w i t h  
i n c r e a s i n g  t e m p e r a t u r e  t a k e s  p l a c e ,  h o w e v e r ,  a s  w a s  t h e  c a s e  w i t h  
M o b i l  XRM-109F l u b r i c a n t ,  a n  u n e x p e c t e d  r e v e r s a l  o f  t h e  f i l m  
t h i c k n e s s /  t e m p e r a t u r e  f u n c t i o n  w a s  e x p e r i e n c e d  i n  t h r e e  o f  
t h e  t e s t s  ( 5 A ,  5 F ,  56) a t  t e m p e r a t u r e s  a b o v e  500OF.  T h i s  
a g a i n  i s  d i s c u s s e d  i n  a s u b s e q u e n t  s e c t i o n .  
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T h i r d ,  a s  w a s  t h e  c a s e  i n  t e s t  s e r i e s  No.  4 w i t h  M o b i l  
XRM-109F l u b r i c a n t ,  c o n t i n u e d  t e s t i n g  a f t e r  m o u n t i n g  o f  a new 
b e a r i n g  g e n e r a l l y  r e s u l t s  i n  a p r o g r e s s i v e l y  h i g h e r  f i l m  t h i c k n e s s /  
r o u g h n e s s  r a t i o .  T h u s ,  t h e  t e s t s  5 A  a n d  5 E  r u n  w i t h  new 
b e a r i n g s  r e s u l t e d  i n  t h e  h / o  v a l u e s  l e s s  t h a n  2 w h i l e  f u r t h e r  
t e s t i n g  w i t h  t h e  s a m e  b e a r i n g s  r e s u l t e d  i n  h / o  v a l u e s  a s  h i g h  a s  
3 t o  4 a t  t h e  s a m e  o p e r a t i n g  c o n d i t i o n s .  T h i s  b e h a v i o r  s u g g e s t s  
o f  r u n - i n  e f f e c t s .  T h e  p o s t - t e s t  a p p e a r a n c e  o f  b e a r i n g  84  a n d  85 
i s  shown i n  E n c l o s u r e s  30 a n d  31, r e s p e c t i v e l y .  R a t h e r  s e v e r e  
s u r f a c e  d i s t r e s s  i n  b o t h  b e a r i n g s  i s  e v i d e n t  a t  l i v e s  o f  l e s s  
t h a n  8 h o u r s  w h i c h  c o u l d  b e  e x p e c t e d  w i t h  t h e  r e l a t i v e l y  l o w  
h / o  v a l u e s ,  p a r t i c u l a r l y  i n  t h e  p r e s e n c e  o f  a n  a d d i t i v e  
f r e e  l u b r i c a n t .  

c .  M o n s a n t o  MCS-354 

T e s t  s e r i e s  No. 6 w a s  c o n d u c t e d  w i t h  M o n s a n t o  MCS-354 
l u b r i c a n t  a n d  c o n s i s t s  o f  5 f i l m  m e a s u r i n g  t e s t s  (6A,  6 B ,  6 C ,  6 D ,  
6 E ) ,  L u b r i c a n t  f i l m  t h i c k n e s s  r e s u l t s  f o r  t h i s  t e s t  s e r i e s  a r e  
p r e s e n t e d  i n  E n c l o s u r e  2 4 .  Two new t e s t  b e a r i n g s  were u s e d .  
B e a r i n g  86 h a v i n g  a c o m p o s i t e  r o u g h n e s s  when n e w ,  o f e  = 2 . 5  
m i c r o i n c h e s  rrns w a s  u s e d  i n  t e s t s  6A a n d  6 B  a n d  b e a r i n g  87 h a v i n g  
m=2.4  m i c r o i n c h e s  rms w a s  u s e d  i n  t e s t s  6 C ,  6D a n d  6 E ,  
C a p a c i t a n c e  d a t a  c o u l d  n o t  b e  o b t a i n e d  i n  a n y  o f  t h e  5 t e s t s .  
In 6A a n d  6 B  t h e  f i l m  t h i c k n e s s  w a s  b e l o w  t h e  m e a s u r a b l e  l e v e l  
e v e n  f o r  t h e  c o n d u c t i v i t y  m e t h o d  o r  t h e  d u r a t i o n  o f  b o t h  t e s t s .  
T h e  o p e r a t i n g  p r o c e d u r e  c a l l s  f o r  t h e  t e r m i n a t i o n  o f  a t e s t  i f  n o  
EHD f i l m  t h i c k n e s s  c a n  b e  m e a s u r e d  i n  o r d e r  t o  a v o i d  b e a r i n g  
f a i l u r e .  F o r  t h i s  r e a s o n  n o n e  o f  t h e  t e s t s  i n  s e r i e s  6 were r u n  
o u t  t o  700OF.  T e s t s  6 C ,  6 D  a n d  6 E  s h o w e d  m e a s u r a b l e  f i l m  
t h i c k n e s s e s  i n i t i a l l y  b u t  i t  l a t e r  d r o p p e d  b e l o w  m e a s u r a b l e  
l e v e l  b e t w e e n  500° a n d  550OF.  T h e  t e s t s  were t h e n  t e r m i n a t e d .  
A r u n - i n  p h e n o m e n o n  w a s  o b s e r v e d  w i t h  t h e  s e c o n d  b e a r i n g  u s e d  
i n  t h i s  t e s t  s e r i e s  ( B r g ,  871. In t e s t  6 C ,  u s i n g  t h a t  new 
b e a r i n g ,  h/U v a l u e s  o f  t h e  o r d e r  o f  2 were o b t a i n e d  w h i l e  i n  t h e  
s u c c e e d i n g  t e s t s  6D a n d  6 E  w i t h  t h e  s a m e  b e a r i n g  h/ff v a l u e s  
b e t w e e n  2 a n d  4 were o b t a i n e d .  T h e  a p p e a r a n c e  o f  t h e  t w o  t e s t e d  
b e a r i n g s  a l o n g  w i t h  d a t a  o n  t o t a l  r u n n i n g  h o u r s  a n d  s u r f a c e  f i n i s g  
a r e  g i v e n  i n  E n c l o s u r e  32 a n d  33. B e a r i n g  8 6 ,  w h i c h  w a s  u s e d  
i n  t e s t s  6 A  a n d  6 B ,  were no  m e a s u r a b l e  f i l m s  were o b t a i n e d ,  
s h o w e d  s e v e r e  s u r f a c e  d i s t r e s s  a s  s e e n  i n  E n c l o s u r e  32 a f t e r  o n l y  
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1.75 h o u r s  t o t a l  o p e r a t i o n .  B e a r i n g  87 o n  t h e  o t h e r  h a n d ,  u s e d  
i n  t e s t s  6 C ,  6D a n d  6 E  w h e r e  m e a s u r a b l e  f i l m s  were o b t a i n e d ,  
w a s  n o t  s u r f a c e  d i s t r e s s e d  a s  s e e n  i n  E n c l o s u r e  33 a f t e r  2 . 8 5  
h o u r s  t o t a l  o p e r a t i o n .  P o s t - t e s t  s u r f a c e  r o u g h n e s s  m e a s u r e -  
m e n t s  o f  b e a r i n g  87 g i v e n  i n  E n c l o s u r e  33 s h o w e d  a s l i g h t  
d e c r e a s e  i n  r o u g h n e s s  f o r  t h e  i n n e r  r i n g  w h i l e  t h e  b a l l s  s h o w e d  
a n  i n c r e a s e .  

d .  D u P o n t  K r y t o x  1 4 3 A C  

T e s t  s e r i e s  No.  7 w a s  r u n  w i t h  D u P o n t  K r y t o x  143AC 
l u b r i c a n t  a n d  c o n s i s t s  o f  t h r e e  t e s t s  ( 7 A ,  7 B ,  7C) a t  300 l b s .  
l o a d .  Two a d d i t i o n a l  t e s t s  ( 7 D ,  7 E )  n o t  o r i g i n a l l y  p l a n n e d  were 
a l s o  r u n  a t  a t h r u s t  l o a d  o f  4 5 9  l b s .  f o r  p o s s i b l e  c o r r e l a t i o n  
w i t h  P h a s e  1 e n d u r a n c e  r e s u l t s  w h i c h  s h o w  a h i s t o r y  o f  b e a r i n g  
s m e a r i n g  f a i l u r e s  a t  l o w  l i v e s .  O n e  o f  t h e s e  t w o  l a t t e r  t e s t s  
( 7 E )  w a s  r u n  f o r  a n  e x t e n d e d  p e r i o d  (17  h o u r s ) .  

Two new t e s t  b e a r i n g s  ( # 8  a n d  89)  h a v i n g  c o m p o s i t e  
r o u g h n e s s  v a l u e s  o f  8 =2.4 a n d  2 . 3  m i c r o i n c h e s  rms r e s p e c t i v e l y  
were u s e d  i n  t h i s  s e r i e s .  B e a r i n g  88 w a s  u s e d  i n  t e s t s  7 A  a n d  
7 B ,  b e a r i n g  #9 w a s  u s e d  i n  t e s t s  7 C ,  7 D  a n d  7 E .  T h e  r e s u l t s  o f  t h e  
t h r e e  t e s t s  r u n  a t  300 l b s .  t h r u s t  l o a d  a n d  t h e  t w o  t e s t s  r u n  a t  
4 5 9  l b s .  t h r u s t  l o a d  a r e  s h o w n  i n  E n c l o s u r e s  25 a n d  26 r e s p e c t -  
i v e l y ,  

From t h e  r e s u l t s  o f  t h e  t h r e e  t e s t s  r u n  a t  300 l b s .  t h r u s t  
l o a d  i t  c a n  h e  s e e n  t h a t  e x p e r i m e n t a l l y  m e a s u r e d  f i l m s  a r e  
f a i r l y  c l o s e  t o  t h e o r e t i c a l l y  p r e d i c t e d  v a l u e s .  K r y t o x  143AC 
l u b r i c a n t  h a s  p r o d u c e d  t h e  t h i c k e s t  f i l m s  o f  a n y  o f  t h e  o i l s  
t e s t e d  f o - r  a n y  g i v e n  o p e r a t i n g  c o n d i t i o n .  D a t a  a r e  n o t  a v a i l -  
a b l e  a t  t e m p e r a t u r e s  b e l o w  5 0 0 ° F  b e c a u s e  o f  t h e  p r e v i o u s l y  n o t e d  
f a s t  h e a t - u p  r a t e  o f  t h e  b e a r i n g s  w i t h  t h i s  l u b r i c a n t .  T h e  
e f f e c t s  o f  r u n n i n g - i n  w a s  a l s o  n o t e d  i n  t h i s  t e s t  s e r i e s  w i t h  
b e a r i n g  #8. F i l m  t h i c k n e s s  i n  t e s t  78 were g r e a t e r ,  a s  i n d i c a t e d  
b y  t h e  c a p a c i t a n c e  c u r v e s ,  t h e n  i n  t e s t  7 A  when t h e  new b e a r i n g  
( 8 8 )  w a s  f i r s t  u s e d .  B e a r i n g  88 w a s  i n s p e c t e d  a f t e r  t e s t  7 B  
a n d  w a s  f o u n d  i n  g o o d  c o n d i t i o n ,  M e a s u r e m e n t s  s h o w e d  a 
d e c r e a s e  i n  s u r f a c e  r o u g h n e s s  o f  t h e  i n n e r  a n d  o u t e r  r i n g s  f r o m  
1 . 4  a n d  1.8 F i n .  t o  1 . 3  a n d  1 . 4  1-1 i n .  r e s p e c t i v e l y  a n d  a l s o  o f  
t h e  b a l l s  a f t e r  1 .6  h o u r s  o f  r u n n i n g .  T h i s  d a t a  a l o n g  w i t h  
p h o t o g r a p h s  o f  t h e  t e s t e d  b e a r i n g  a r e  g i v e n  i n  E n c l o s u r e  3 4 .  
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B e a r i n g  $9 w a s  u s e d  f o r  t e s t  7 C  a n d  t h i c k e r  f i l m s  were 
m e a s u r e d  b y  c a p a c i t a n c e  t h a n  i n  e i t h e r  o f  t h e  t w o  p r e v i o u s  t e s t s  
7A a n d  7 B .  C o n d u c t i v i t y  d a t a  s h o w s  t h a t  f i l m  t h i c k n e s s e s  i n  a l l  
t h r e e  t e s t s  ( 7 A ,  7 B ,  7 C )  were s o m e w h a t  s i m i l a r  i n  t h e  600° t o  700OF 
r a n g e .  After  r u n n i n g  t e s t  7 C  t h e  t h r u s t  l o a d  w a s  i n c r e a s e d  t o  
4 5 9  l b s .  a n d  t e s t s  7 D  a n d  7E were r u n .  I n  t e s t  7 D ,  t h e  f i l m  
t h i c k n e s s / r o u g h n e s s  r a t i o  w a s  s i m i l a r  t o  t e s t  7 C .  T h i s  r e s u l t  
a p p e a r s  t o  b e  c o n t r a r y  t o  t h e  p r e v i o u s l y  n o t e d  r u n - i n  
p h e n o m e n o n  w h e r e  s u c c e s s i v e  t e s t s  g a v e  t h i c k e r  f i l m s ,  h o w e v e r ,  
i t  f o l l o w s  t h e  l o a d  e f f e c t  s e e n  i n  test;  s e r i e s  N o . ' s  1, 2 a n d  3 
w i t h  M o b i l  XRM-109OF w h e r e -  f i l m  t h i c k n e s s / r o u g h n e s s  r a t i o s  
were g e n e r a l l y  l e s s  a t  h i g h e r  l o a d s .  

T e s t  7 E  c o n s i s t e d  o f  a p p r o x i m a t e l y  17 h o u r s  o f  r u n n i n g  
w i t h  b e a r i n g  89 w i t h  f i l m  m e a s u r e m e n t s  b e i n g  made  c o n t i n u o u s l y  
d u r i n g  t h e  l a s t  9 h o u r s .  T h e  r e s u l t s  o f  t h e s e  m e a s u r e m e n t s  
s h o w  f i l m  t h i c k n e s s e s / r o u g h n e s s  r a t i o s  much l o w e r  t h a n  a n y  
o f  t h e  o t h e r  t e s t s  i n  s e r i e s  No.  7. F o r  a b o u t  8 o f  t h e  h o u r s ,  
f i l m s  were b e l o w  t h e  m e a s u r a b l e  l e v e l .  After  t h i s  t e s t ,  b e a r i n g  
m e a s u r e m e n t s  s h o w e d  i n c r e a s e s  i n  s u r f a c e  r o u g h n e s s  f o r  b o t h  r i n g s  
a n d  b a l l s  ( i n d i c a t i n g  t h e  p o s s i b l e  b e g i n n i n g  o f  s u r f a c e  d i s t r e s s ) .  
T h i s  d a t a  a l o n g  w i t h  p h o t o g r a p h s  o f  t h e  t e s t e d  b e a r i n g s  a r e  
g i v e n  i n  E n c l o s u r e  3 5 .  

C a g e  s p e e d  m e a s u r e m e n t s  were made  d u r i n g  t e s t  7 E  w i t h  
a c a g e  s p e e d  m e a s u r i n g  s y s t e m  d e v e l o p e d  i n  T a s k  3 a n d  d e s c r i b e d  
i n  ( 5 )  a n d  c a g e  s p e e d  w a s  f o u n d  t o  c o r r e s p o n d  v e r y  w e l l  w i t h  t h e  
t h e o r e t i c a l l y  p r e d i c t e d  v a l u e  o f  4 1 . 9 9 % . o f  i n n e r  r i n g  s p e e d  a s  
i l l u s t r a t e d  b y  t h e  o s c i l l o g r a m s  o f  b a l l  p a s s a g e  a n d  i n n e r - r i n g  
r o t a t i o n a l  f r e q u e n c i e s  a s  g i v e n  i n  E n c l o s u r e  39.  C a g e  s p e e d  
m e a s u r e m e n t s  were made  c o n t i n u o u s l y  f o r  t h e  l a s t  e i g h t  h o u r s  
o f  t e s t  7 E  f o r  w h i c h  p e r i o d  h / o  v a l u e s  were l e s s  t h a n  2 a t  
600OF. T h e s e  r e s u l t s  i n d i c a t e  t h a t  c a g e  s p e e d  i s  m a i n t a i n e d  
a t  t h e o r e t i c a l  v a l u e  f o r  l o w  h / a  r a t i o s  u n d e r  t h e  l o a d  a n d  
s p e e d  u s e d .  
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An i n c i d e n t a l  r e s u l t  o f  t h a t  s e r i e s  No. 7 i s  t h e  
o c c u r r e n c e  o f  a s p a l l i n g  f a i l u r e  i n  o n e  o f  t h e  n o n - t e s t - e l e m e n t  
s u p p o r t  b e a r i n g s .  I n  t h i s  p a r t i c u l a r  i n s t a n c e ,  a b l a c k  o x i d e  
c o a t e d  7 2 0 5  UAP (M-50 s t e e l )  b e a r i n g  No. 3 2 7 8 0 2 ,  r u n  e x c l u s i v e l y  
i n  K r y t o x  143AC f l u i d ,  f a i l e d  a f t e r  16.85 h o u r s  o f  o p e r a t i o n  a t  
43,000 rpm a n d  459 l b s ,  t h r u s t  l o a d .  T h e  a p p e a r a n c e  o f  t h i s  
f a i l e d  b e a r i n g  i s  shown  i n  E n c l o s u r e  38. 

T h e  p r e v i o u s l y  u s e d  s u p p o r t  b e a r i n g  ( n o .  3 2 7 8 0 1 1 ,  s i m i l a r  
t o  t h e  a b o v e  b e a r i n g ,  s u f f e r e d  a s i m i l a r  s p a l l i n g  f a i l u r e  a f t e r  
2 . 6  h o u r s  o f  o p e r a t i o n  w i t h  K r y t o x  1 4 3 A C  f l u i d  a t  300 l b s .  (1 .7  
h o u r s )  a n d  t h e n  459 l b s .  ( 0 . 9  h o u r s )  t h r u s t  l o a d .  T h i s  b e a r i n g ,  
shown  i n  E n c l o s u r e  37 h a d  b e e n  r u n  i n  t h e  p r e v i o u s  t e s t  s e r i e s  
N o . ' s  5 a n d  6 w i t h  T u r b o - S  O i l  15 a n d  MCS-354 f l u i d s  r e s p e c t i v e l y ,  
T o t a l  t i m e  o n  t h i s  s u p p o r t  b e a r i n g ,  p r i o r  t o  r u n n i n g  w i t h  t h e  
K r y t o x  143AC f l u i d ,  w a s  1 9 . 1  h o u r s  a t  300 l b s .  l o a d  a t  43,000 
rpm.  

DISCUSSION - P H A S E 1 1  

G e n e r a l  

I t  c a n  b e  s e e n  f r o m  t h e  EHD f i l m  d a t a  t h a t  f o r  l u b r i c a n t  
f i l s f s  f o r m e d  b y  M o b i l  XRBI-109F a n d  S i n c l a i r  T u r b o - S  O i l  15 
l u b r i c a n t s  t h e  f i l m  t h i c k n e s s / r o u g h n e s s  r a t i o  f a l l s  w i t h i n  t h e  
r a n g e  o f  1 /2  t o  3 / 4  o f  t h e  i s o t h e r m a l  t h e o r e t i c a l l y  c o m p u t e d  f i l m  
t h i c k n e s s ,  w h e r e a s  t h e  M o n s a n t o  MCS-354 p o l y p h e n y l  e t h e r  l u b r i c a n t  
g a v e  v e r y  t h i n ,  a l m o s t  u n m e a s u r a b l e  EHD f i l m s  w i t h  a h/Q r a t i o  
g e n e r a l l y  l e s s  t h a n  h a l f  t h e  t h e o r e t i c a l .  T h e  r e s u l t s  f o r  
D u P o n t  K r y t o x  1 4 3 A C  f l u i d  s h o w  h / a  r a t i o s  a l m o s t  e q u a l  t o  t h e  
i s o t h e r m a l  t h e o r e t i c a l  w i t h  p r o g r e s s i v e  d e t e r i o r a t i o n  o f  h / o  
o c c u r r i n g  a f t e r  a f e w  h o u r s  o f  o p e r a t i o n  d u e  t o  s u r f a c e  d i s t r e s s  
i n  t h e  b e a r i n g .  

As t e s t  s p e e d  was l o w e r e d ,  f i l m  t h i c k n e s s  d e c r e a s e d  a s  
e x p e c t e d  (20,000 v s  4 3 , 0 0 0  rpm t e s t s  w i t h  M o b i l  XRM-109F) b u t  
t h e  f i l m  t h i c k n e s s  a t  t h e  l o w e r  s p e e d  was c l o s e r  t o  t h e  
t h e o r e t i c a l  v a l u e  t h a n  a t  t h e  h i g h e r  s p e e d .  A l s o ,  i t  was f o u n d  
t h a t  f i l m  t h i c k n e s s  t e n d s  t o  d e c r e a s e  a s  l o a d  i n c r e a s e s  ( l o a d  
s e r i e s  w i t h  M o b i l  XRM-109F a t  43,000 r p m ) .  
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T h e  d i f f e r e n c e  o b s e r v e d  b e t w e e n  i s o t h e r m a l  t h e o r e t i c a l  
p r e d i c t e d  a n d  m e a s u r e d  f i l m  t h i c k n e s s  c a n  b e  a t t r i b u t e d  t o  s e v e r a l  
f a c t o r s  i n c l u d i n g :  

1. A c t u a l  b e a r i n g  o p e r a t i o n  a t  h i g h  s p e e d s  i s  a n y t h i n g  b u t  
i s o t h e r m a l  b e c a u s e  o f  t h e  g r e e t  s p i n n i n g  a n d  s h e a r i n g  h e a t  
g e n e r a t i o n  i n  t h e  c o n t a c t  a r e a s .  S i n c e  t h e r e  i s  c o n s i d e r a b l y  
l e s s  h e a t  g e n e r a t i o n  a t  20,000 rpm t h a t  a t  4 3 , 0 0 0 ,  i t  i s  n o t  
s u r p r i s i n g  t h a t  t h e  m e a s u r e d  f i l m  a t  t h e  l o w e r  s p e e d  i s  c l o s e r  
t o  t h e o r e t i c a l  t h a n  a t  t h e  h i g h e r  s p e e d .  U n d e r  t h e s e  c o n d i t i o n s  
t h e o r e t i c a l  EHD f i l m  ' t h i c k n e s s  c a l c u l a t i o n s  ( 2 3 , 2 4 1  w o u l d  r e d u c e  
t h e  d i s c r e p a n c y  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  ( s e e  S u p p l e m e n t a l  
R e p o r t ,  p .  I S ) ,  b u t  s u c h  c a l c u l a t i o n s  f o r  a l l  t e s t  c o n d i t i o n s  
h a v e  n o t  b e e n  m a d e .  

2 .  C a l c u l a t i o n s  u s e  f l u i d  p r o p e r t i e s  s u c h  a s  t h e  p r e s s u r e d  
v i s c o s i t y  r e l a t i o n s h i p ,  w h i c h  i s  e x t r a p o l a t e d  f r o m  d a t a  o b t a i n e d  
a t  much l e s s  s e v e r e  c o n d i t i o n s .  

3. I n t e r p r e t a t i o n  o f  t h e  e l e c t r i c a l  m e a s u r e m e n t s  o f  f i l m  
c o n d i t i o n  a r e  b a s e d  o n  a n u m b e r  o f  s i m p l i f y i n g  a s s u m p t i o n s  a n d  
e x t r a p o l a t i o n  o f  f l u i d  p r o p e r t i e s  d a t a  a s  e x p l a i n e d  i n  t h e  
S u p p l e m e n t a l  R e p o r t .  

4 .  A t  h i g h  t e m p e r a t u r e s ,  e v e n  a d d i t i v e - f r e e  f l u i d s  f o r m  
d e p o s i t s  on  b e a r i n g  s u r f a c e s .  T h e s e  d e p o s i t s ,  i f  i n s u l a t i n g ,  
w i l l  a c t  t o  i n c r e a s e  m e a s u r e d  h / a  i n  c o n d u c t i v i t y  a n d ,  i f  
d i e l e c t r i c ,  w i l l  a l s o  b e  m e a s u r e d  i n t o  t h e  f i l m  t h i c k n e s s  b y  
c a p a c i t a n c e .  T h i s  may e x p l a i n  t h e  i n c r e a s i n g  f i l m  t h i c k n e s s  a t  
t h e  h i g h e s t  t e m p e r a t u r e .  

a .  M o b i l  XRM-109F 

C o n s i d e r a b l e  e n d u r a n c e  d a t a  h a s  b e e n  o b t a i n e d  w i t h  M o b i l  
XRM-177F (XRM-109F b a s e s t o c k  w i t h  a d d i t i v e )  a t  6 0 0 ° F  ( 2 , 4 , 5 )  
a n d  a t  7 0 0 ° F  i n  P h a s e  1 o f  t h i s  T a s k .  T h e  r e s u l t s  o f  t h e  f i l m  
m e a s u r i n g  s t u d i e s  s h o w  t h a t ,  a t  t h e  t y p i c a l  e n d u r a n c e  
t e s t  c o n d i t i o n s  o f  4 3 , 0 0 0  rpm a n d  4 5 9  l b s .  t h r u s t  l o a d ,  h / a  
v a l u e s  g e n e r a l l y  r a n g e  b e t w e e n  1.5 a n d  3 a t  600OF.  T h e  l o w e s t  
o f  t h e s e  h / o  v a l u e s  i n d i c a t e  o p e r a t i o n  i n  t h e  l o w e r  p a r t i a l  EHD 
r e g i o n  w h e r e  t h e r e  a r e  s u b s t a n t i a l  n u m b e r s  o f  a s p e r i t y  c o n t a c t s  
w h i c h  may l e a d  t o  g l a z i n g  a n d  s m e a r i n g  d e p e n d i n g  on  b o u n d a r y  
l u b r i c a t i o n  c o n d i t i o n s .  One  b e a r i n g ,  r u n  f o r  4 1 . 2  h o u r s  a t  
v a r i o u s  t e m p e r a t u r e s  i n  XRM-109F ( n o  a d d i t i v e )  s h o w e d  p r o n o u n c e d  
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s u r f a c e  d i s t r e s s  o n  t h e  i n n e r  r i n g .  T e s t i n g  w i t h  XRM-109F i n  
t h e  e a r l i e r  p r o g r a m  p r o d u c e d  s m e a r i n g  f a i l u r e s  a t  s h o r t  l i v e s  ( 2 ) .  
On t h e  o t h e r  h a n d ,  t e s t s  w i t h  XRM-177F r a n  w e l l  a n d  s h o w e d  l i t t l e  
g l a z i n g  o f  h a r d  s u r f a c e s  (WB49 s t e e l )  b u t  s o m e  g l a z i n g  f o r  t h e  3 

s o f t e r  M50 s t e e l ,  T h i s  t e s t  b e h a v i o r  c o r r e l a t e s  w e l l  w i t h  
f i l m  m e a s u r e m e n t s  w h i c h  i n d i c a t e  t h a t  a c t u a l  f i l m s  a r e  c o n s i d e r -  
a b l y  l e s s  t h i c k  t h a n  i s o t h e r m a l  t h e o r e t i c a l  c a l c u l a t i o n  
s u g g e s t s  s o  t h a t  b o u n d a r y  l u b r i c a t i o n  p r o v i d e d  b y  a n  a d d i t i v e  
p a c k a g e  o r  b e a r i n g  s u r f a c e  c o a t i n g  i s  r e q u i r e d  f o r  l o n g  term 
o p e r a t i o n  a r o u n d  6 0 0 0 F  o f  t h e s e  b e a r i n g s .  

F i l m  m e a s u r e m e n t s  a r o u n d  7 0 0 ° F  i n d i c a t e  g e n e r a l l y  t h i c k e r  
f i l m 8  t h a n  a t  6 0 0 ° F  w h i c h  d o e s  n o t  c o r r e l a t e  w i t h  t e s t i n g  
e x p e r i e n c e  r e p o r t e d  i n  P h a s e  I o f  t h i s  r e p o r t .  C o n s i d e r i n g  t h a t  
t h e  h / o  v a l u e s  a t  7 0 0 ° F  a r e  a l m o s t  a n d  c e r t a i n l y  f a l s i f i e d  b y  
d e p o s i t s ,  t h i s  i s  n o t  t o o  s u r p r i s i n g .  

b ,  S i n c l a i r  T u r b o - S  O i l  15 

F i l m  m e a s u r e m e n t s  w i t h  t h i s  l u b r i c a n t  s h o w  t h a t  h / a  
r a t i o s  no  h i g h e r  t h a n  2 . 5  a r e  o b t a i n e d  i n  t h e  4 5 0  t o  700OF r e g i o n .  
T h i s  a g a i n  i n d i c a t e s  o p e r a t i o n  w i t h  n u m e r o u s  a s p e r i t y  c o n t a c t s  
w h i c h  w o u l d  l e a d  t o  s u r f a c e  d i s t r e s s  i n  t h e  a b s e n c e  o f  a b o u n d a r y  
l u b r i c a t i n g  a d d i t i v e .  I n d e e d ,  i n  t h e  f i l m  m e a s u r e m e n t  r u n s  
t w o  b e a r i n g s  r u n  f o r  o n l y  a few h o u r s  s h o w e d  s e v e r e  s u r f a c e  
d i s t r e s s .  T h a t  a n  a d d i t i v e  p a c k a g e  c a n  h e l p ,  i s  i n d i c a t e d  b y  
t h e  q u a l i f i e d  s u c c e s s  a c h i e v e d  i n  t e s t s  r e p o r t e d  i n  ( 2 )  w i t h  
T u r b o - S  1 0 4 8  a t  550OF. O w i n g  t o  much b e t t e r  f i l m  l u b r i c a t i o n  
s u c c e s s f u l  o p e r a t i o n  w a s  o b t a i n e d  i n  t h e  t e m p e r a t u r e  r e g i o n  of 
70O0-75OoF i n  t h e  m a i n s h a f t  s i z e  b e a r i n g  t e s t s  w i t h  T u r b o - S  
1048 h a v i n g  a n  a d d i t i v e  p a c k a g e  ( 1 ) .  T h i s ,  a g a i n  i s  t o  b e  ex- 
p e c t e d  s i n c e  i n  t h e  l a t t e r  t e s t s ,  h /O  m 2 i s  l i k e l y  t o  e x i s t  

As w a s  t h e  c a s e  w i t h  XRM-l09F, t h e r e  was a p e c u l i a r  
t e n d e n c y  f o r  f i l m  t h i c k n e s s  t o  h o l d  c o n s t a n t  o r  i n c r e a s e  a t  t h e  
h i g h e s t  t e s t  t e m p e r a t u r e s .  T h i s  w i l l  b e  d i s c u s s e d  i n  a l a t e r  
s e c t i o n .  
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o n s a n t o  MCS-354 

F i l m  m e a s u r e m e n t s  w i t h  t w o  b e a r i n g s  g a v e  s o m e w h a t  
c o n t r a d i c t o r y  q u a n t i t a t i v e  r e s u l t s  a l t h o u g h  q u a l i t a t i v e l y  t h e y  
a g r e e d  t h a t  f i l m s  a r e  b e l o w  d e t e c t a b l e  t h i c k n e s s  ( h / o - l . S ) a b o v e  
50O0F.  T h i s  m e a n s  t h a t  g l a z i n g  ( a n d  s m e a r i n g )  c a n  b e  e x p e c t e d  
a t  t e m p e r a t u r e s  a b o v e  5 0 0 0 F .  T h i s  w a s  o b s e r v e d  i n  t e s t s  w i t h  
7205 b e a r i n g s  a n d  t h e  s i m i l a r  f l u i d  OS-124 r e p o r t e d  i n  ( 2 1 ,  It  
a p p e a r s  t h a t  b o u n d a r y  l u b r i c a t i o n  i m p r o v e m e n t  i n  t h e  f o r m  o f  
a d d i t i v e s  o r  b e a r i n g  c o a t i n g s  i s  n e c e s s a r y  w i t h  t h i s  f l u i d  f o r  
o p e r a t i o n  a b o v e  500°F, a t  l e a s t  i n  a n  i n e r t  a t m o s p h e r e .  I t  w a s  
f o u n d  i n  (1) t h a t  w h i l e  M o n s a n t o  MCS-293 l u b r i c a n t  ( a l s o  a 
p o l y p h e n y l  e t h e r )  s m e a r e d  i n  a n i t r o g e n  a t m o s p h e r e  a t  6 0 0 ° F ,  i t  
r a n  s u c c e s s f u l l y  i n  a i r  a t  t h e  s a m e  t e m p e r a t u r e .  I t  i s  t h o u g h t  
t h a t  t h e  o x i d a t i o n  p r o d u c t s  c o n t r i b u t e d  t o  t h e  f o r m a t i o n  o f  s o l i d  
l u b r i c a t i n g  f i l m s  o n  t h e  b e a r i n g  s u r f a c e s .  

d .  D u P o n t  K r y t o x  143AC 

W h i l e  f i l m  m e a s u r e m e n t s  w i t h  t h e  o t h e r  l u b r i c a n t s  
c o r r e l a t e d  w e l l  w i t h  p r e v i o u s  t e s t  e x p e r i e n c e  i n  t h a t  f a i l u r e s  
c o u l d  b e  e x p l a i n e d  b y  o p e r a t i o n  w i t h o u t  s u f f i c i e n t  l u b r i c a n t  
f i l m  t h i c k n e s s ,  m e a s u r e m e n t s  w i t h  t h i s  f l u i d  i n d i c a t e  t h a t  
a t  t e m p e r a t u r e s  i n  t h e  500-600OF r e g i o n  t h e r e  s h o u l d  b e  v e r y  
few a s p e r i t y  c o n t a c t s  ( h / O  a r o u n d  4 1 ,  a t  l e a s t  d u r i n g  t h e  f i r s t  
f e w  h o u r s  o f  o p e r a t i o n .  I n  t e s t s  w i t h  m a i n s h a f t - s i z e  b e a r i n g s  
(1) t h i s  f l u i d  p e r f o r m e d  w e l l ,  a t  l e a s t  f o r  t h r e e  h o u r s ,  a t  
t e m p e r a t u r e s  i n  excess  o f  7 0 0 ° F ,  a l t h o u g h  t h e r e  were i n s t a n c e s  of 
s m e a r i n g  f a i l u r e s  i n  t h i s  t e m p e r a t u r e  r a n g e .  H o w e v e r ,  a s  w a s  
p o i n t e d  o u t  i n  P h a s e  I o f  t h i s  r e p o r t ,  m o s t  t e s t s  o n  7205 
b e a r i n g s  w i t h  t h i s  f l u i d  r e s u l t e d  i n  v e r y  e a r l y  s m e a r i n g  f a i l u r e s .  
T o  e x p l a i n  t h i s  o b s e r v a t i o n ,  a l o n g - t e r m  f i l m  m e a s u r e m e n t  t e s t  
( 2 8 . 9  h o u r s )  w a s  r u n  a t  t y p i c a l  e n d u r a n c e  t e s t  c o n d i t i o n s  w i t h  

r y t o x  1 4 3 A C  f l u i d  a n d  t h e  f i l m  m o n i t o r e d .  T h i s  s h o w e d  t h a t  
w h i l e  i n i t i a l l y  t h e  h / m r a t i o  w a s  o n  t h e  o r d e r  o f  4 ,  a f t e r  a few 
h o u r s  o p e r a t i o n  t h e  r a t i o  d e c r e a s e d  t o  b e l o w  2 a n d  t h e  b e a r i n g  
w a s  f o u n d  t o  b e  s u r f a c e  d i s t r e s s e d  a f t e r  d i s a s s e m b l y  a s  shown 
i n  E n c l o s u r e  35. T h i s  i n d i c a t e s  t h a t  e v e n  t h o u g h  a r a t h e r  t h i c k  
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f i l m  e x i s t s ,  p r o g r e s s i v e  s u r f a c e  d a m a g e  s t i l l  o c c u r s  w h i c h  w i l l  
r e s u l t  i n  f a i l u r e  a f t e r  a r e l a t i v e l y  s h o r t  l i f e .  T h i s  d a m a g e  
c o u l d  b e  d u e  e i t h e r  t o  c h e m i c a l  a t t a c k  o r  t o  a l a c k  o f  b o u n d a r y  
l u b r i c a t i n g  a b i l i t y  o f  t h i s  f l u i d  s o  t h a t  o o c a s i o n a l  a s p e r i t y  
c o n t a c t s  c a u s e  g r o s s  s u r f a c e  d e t e r i o r a t i o n  ( t h e  f l u i d  a t t a c k s  a n d  
r e m o v e d  t h e  s t a n d a r d  b l a c k  o x i d e  c o a t i n g  i n  a s h o r t  t i m e ) .  

O t h e r  E f f e c t s  

a .  D e t e c t i o n  o f  R u n - I n  & O n s e t  o f - S u r f a c e  D i s t r e s s  

A r u n - i n  e f f e c t  was n o t e d  i n  a l l  i n s t a n c e s  i n  w h i c h  f i l m  
d a t a  were a c q u i r e d  w i t h  a new t e s t  b e a r i n g  ( t e s t  s e r i e s  N o ' s  
4 , 5 , 6  a n d  7 ) .  I t  w a s  s e e n  t h a t  c o n t i n u e d  t e s t i n g  w i t h  a new 
b e a r i n g  r e s u l t e d  i n  h i g h e r  h / a  r a t i o s  f o r  a g i v e n  t e m p e r a t u r e .  
M e a s u r e m e n t s  o n  t h r e e  o f  t h e  t e s t e d  b e a r i n g s  s h o w e d  t h a t  t h e y  
e x p e r i e n c e d  up  t o  a 23% d e c r e a s e  i n  s u r f a c e  r o u g h n e s s  f r o m  t h e  new 
b e a r i n g  c o n d i t i o n .  T h e  d e c r e a s e  o c c u r r e d  o v e r  a f a i r l y  
s h o r t  p e r i o d  o f  o p e r a t i o n  a s  t a b u l a t e d  b e l o w ,  

$DECREASE I N  
TEST SERIES LOAD SPEED SURFACE ROUGHNESS 
AllD O I L  JLBS.) (RPM) HOURS M I  LL.REVS, I ~ I N G  BEAR I PIG 

#3 I!o, 4 (XRE.I-109F) 345 20,000 7.6 981 12B 238 
#7 [lo. 6 (MCS-354) 300 43,000 2.8 784 3.58 -5% 
#8 110. 7 (KRYTOX 300 43,000 1.6 4.1 3.5% 2% $ 

1 43AC ) 

T h e  m a g n i t u d e  o f  t h e  d e c r e a s e  i n  rms r o u g h n e s s  i s  m i s l e a d -  
i n g .  I t  h a s  p r e v i o u s l y  b e e n  f o u n d  i n  t h e  5 E F  I n d u s t r i e s '  
R e s e a r c h  L a b o r a t o r y  t h a t  a r u n - i n  s u r f a c e  h a s  a n  u n s y m m e t r i c a l  
a s p e r i t y  d i s t r i b u t i o n  w i t h  p e a k s  g r e a t l y  r e d u c e d  f r o m  t h e  o r i g i n a l  
m a g n i t u d e  a n d  v a l l e y s  i n t a c t  s o  t h a t  s u c h  a s u r f a c e  p e r f o r m s  
b e t t e r  u n d e r  p a r t i a l  EHD c o n d i t i o n s  t h a n  i t s  rms r o u g h n e s s  w o u l d  
p r e d i c t .  
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T h e  r e m a i n i n g  t e s t  b e a r i n g s ,  g e n e r a l l y  r u n  f o r  l o n g e r  
p e r i o d s ,  s h o w e d  e i t h e r  l a r g e  i n c r e a s e s  i n  s u r f a c e  r o u g h n e s s  d u e  
t o  s u r f a c e  d i s t r e s s  o r  w e a r  o r  were s u r f a c e  d i s t r e s s e d  t o  t h e  p o i n t  
o f  p r e v e n t i n g  m e a s u r e m e n t s .  F r o m  t h e  d a t a  i t  a p p e a r s  t h a t ’ n e w  
(M-50 s t e e l )  7205 t e s t  b e a r i n g s  e x p e r i e n c e  a r u n - i n  p e r i o d  d u r i n g  
t h e  f i r s t  f e w  h o u r s  o f  o p e r a t i o n  ( d e p e n d i n g  o n  s p e e d )  d u r i n g  w h i c h  
t ime  t h e  b e a r i n g  s u r f a c e  r o u g h n e s s  d e c r e a s e s .  T h i s  p h e n o m e n o n  
a p p a r e n t l y  t a k e s  p l a c e  e v e n  i n  t h e  p r e s e n c e  o f  f a i r l y  f u l l  EHD 
f i l m s ,  a s  w a s  t h e  c a s e  w i t h  t h e  K r y t o x  1 4 3 A C  l u b r i c a n t .  

In a c o n d i t i o n  o f  s u b s t a n t i a l  a s p e r i t y  i n t e r a c t i o n  
p r o g r e s s i v e  d e t e r i o r a . t i o n  o f  t h e  b e a r i n g  r a c e w a y s  o c c u r s  i n  l o n g e r  
o p e r a t i o n ,  p a r t i c u l a r l y  i n  t h e  a b s e n c e  o f  a d e q u a t e  b o u n d a r y  
l u b r i c a t i o n  a s  was t h e  c a s e  i n  t h e  f i l m  m e a s u r e m e n t  r u n s  p e r f o r m e d  
w i t h o u t  a d d i t i v e s .  T h i s  r e s u l t s  i n  a n  o v e r a l l  i n c r e a s e  i n  s u r f a c e  
r o u g h n e s s  f u r t h e r  i n c r e a s i n g  a s p e r i t y  c o n t a c t  o c c u r r e n c e s  
l e a d i n g  t o  f u r t h e r  g l a z i n g  a n d  s m e a r i n g  t y p e  f a i l u r e s  t h e n  
s u p e r v e n e  a s  i l l u s t r a t e d  i n  E n c l o s u r e s  2 3 , 3 0 , 3 1  a n d  3 2 .  

b. C a u s e  o f  I n c r e a s e d  F i l m  T h i c k n e s s  i n  6 0 0 - 7 0 0 ° F  R e g i o n  

I t  w a s  f o u n d  i n  t e s t i n g  w i t h  XRM-109F a n d  T u r b o - S  O i l  
15 t h a t  m e a s u r e d  f i l m  t h i c k n e s s  i n c r e a s e d  i n  t h e  6 0 0 - 7 0 0 O F r e g i o n .  
K r y t o x  1 4 3 A C  d i d  n o t  s h o w  t h i s  t e n d e n c y  a n d  m e a s u r e m e n t s  were 
n o t  t a k e n  i n  t h i s  t e m p e r a t u r e  r a n g e  w i t h  MCS-354 d u e  t o  t h e  l o w  
f i l m  t h i c k n e s s  a t  l o w e r  t e m p e r a t u r e s .  S e v e r a l  p o s s i b l e  r e a s o n s  
e x i s t  f o r  t h i s  i n c l u d i n g :  

1. F o r m a t i o n  o f  s u r f a c e  d e p o s i t s  o u t  o f  t h e  o i l  a t  
h i g h  t e m p e r a t u r e s .  

2 .  I n c r e a s e  i n  v i s c o s i t y  d u e  t o  t h e r m a l  d e g r a d a t i o n , e t c .  

3. T r a n s f e r  o f  p o l y i m i d e  f r o m  t h e  c a g e  t o  r o l l i n g  
e l e m e n t s .  
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I f  t h e r e  h a d  b e e n  a n  i n c r e a s e  i n  v i s c o s i t y  d u r i n g  
t e s t i n g  i t  s h o u l d  b e  d e t e c t a b l e  b y  m e a s u r e m e n t  a f t e r  t e s t .  I t  
w a s  f o u n d ,  h o w e v e r ,  t h a t  t h e  v i s c o s i t y  o f  XRM-109F a c t u a l l y  d e c r e a s e d  
a f t e r  t e s t .  I t  a p p e a r s  l i k e l y  t h a t  d e p o s i t s  f r o m  t h e  l u b r i c a n t s  
o r  t r a n s f e r  f i l m s  f r o m  t h e  c a g e  c o u l d  e q u a l l y  w e l l  h a v e  c a u s e d  t h e  
i n c r e a s e d  f i l m  t h i c k n e s s  w h i c h  w a s  d i s c e r n i b l e  b y  b o t h  c o n d u c t i v i t y  
a n d  c a p a c i t a n c e  m e a s u r i n g  t e c h n i q u e s .  
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CONCLUSIONS 

1. 25-mm bore angular-contact WB49 steel ball bearings tested at 
700°F under high thrust load and 43,000 rpm speed with 
inerted Mobil XRM-177F lubricant suffer many more and earlier 
smearing failures than at 600°F1 resulting in a reduction 
factor of about 15 in estimated bearing smearing life from 
600°F to 700OF. 

2. 

3. 

4 .  

5. 

Under similar test conditions a s  in l., M-50 steel bearings 
tested a t  600°F with DuPont Krytox 143 AC lubricant suffer 
many more and earlier smearing failures than with Mobil 
XRM-177F lubricant under the same conditions. 

Lubricant films at the ball-race contacts in these bearings, 
sufficiently thick to be detected by conductivity and 
capacitance techniques, were found with Mobil XRM-109Fl 
Sinclair Turbo-S Oil 15 and DuPont Krytox 143 AC at temper- 
atures up to 700°F, but with Monsanto MCS-354 only up to 
about 50O0F. 

The measured thickness o f  the lubricant films in these bear- 
ings generally is 1/2 to 3/4 of the computed values according 
to isothermal elastohydrodynamic theory for XRM-109F and 
Turbo-S Oil 15, less than 1/2 the theoretical thickness for 
MCS-354 and about equal to theoretical for Krytox 143 AC. 

The conductivity film thickness measurement method 
generally gave higher estimated lubricant film thickness than 
the capacitance method as used here by a factor not exceeding 
2 although the capacitance indicated films were generally 
thicker in tests with the Krytox 143 AC lubricant and in some 
tests with another lubricant (XRM-109F) at lower bearing loads. 
This degree of disagreement is explicable by the difficulty 
in choice of constants for both methods but may also reflect 
inherent and unclarified differences in the way these two 
methods react to the existing film condition. In any event, 
measurements agree with each other much better than with 
theory. 
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6. The frictional heat generated by the bearings used in these 
lubricant film thickness tests varied greatly with lubricant 
type, The maximum bearing heat generation resulted in tests 
with Krytox 143 AC, followed by XRM-109F. MCS-354 and 
Turbo-S Oil 15 in that order. 

8. All bearings used in the lubricant Iilm thickness testing 
suffered an initial decrease in surface roughness as evidenced 
by roughness measurements on bearings tested only for short 
periods followed by lubrication-related surface distress 
(glazing and superficial pitting) in the ball tracks. This 
trend was detected by an initial increase in the conductivity- 
measured film thickness/roughness ratio followed by a gradual 
decrease in this ratio as the bearing surface condition 
deteriorated. 
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D u P o n t  Krv tox-143AC.  L o t  1 

E n g i n e  L u b r i c a n t  G r a d e  
K r v t o x - 1 4 3 A C .  L o t  1 

A p p e a r a n c e  W a t e r  W h i t e  

P o u r  P o i n t ,  OF -30 

D e n s i t y ,  g / c c  
@ 75OF 
@ 150° 
@ 2 1 0 ° F  

v i s c o s i t y ,  c s .  
@ 25OF 
@ OOF 

@ 2 1 0 ° F  
@ 4 0 0 ° F  

@.? 100 OF 

V i s c o s i t y  I n d e x  

ASTM S l o p e  

V o l a t i l i t y  (ASTM D-972 Mod.) 
6.5 h r s .  @ 400°F 

S u r f a c e  T e n s i o n ,  d y n e s / c m .  

F i r e  R e s i s t a n c e  
H o t  M a n i f o l d  @ 135 
H i g h  P r e s s u r e  S p r a y  I g n i t i o n  

A u t o g e n o u s  I g n i t i o n  T e m p e r a t u r e  

A c i d i t y ,  ppm HF 

E l e c t r i c a l  P r o p e r t i e s  
D i e l e c t r i c  B r e a k d o w n  V o l t a g e ,  k v  
D i e l e c t r i c  S t r e n g t h ,  V o l t s / m i l  
Vo lume  R e s i s t i v i t y ,  ohm-cm. 
D i e l e c t r i c  C o n s t a n t  lo5 cps  
D i s s i p a t i o n  F a c t o r  
L o s s  F a c t o r  

- .  
1 8996 
1 . 8 2 8 2  
1,7710 

- 
33,035 

2 7 6 . 7  
2 6 . 8  

4 . 1  

1 2 0  

0.584 

11.7 

4 1 . 0  

5 4 . 0  
5 4 0  
3 1015 

( 3  10-5 
2 . 1 1  

4 6  x 10-5 

1-2 
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Monsanto OS-124 (Properties a s  MCS-354) 

Viscositv, Densitv and ComDressibilitv 

Temperature 
OF OC 

100 38 
210 99 
400 204 
500 260 
600 316 
700 370 

Pour Point 

VaDor Pressure 

viscosity 
( c s )  

363 
13.1 
2.1 
1.2 
0.85 
0.65 

+40°F (5OC) 

12 mm Hg at 
100 mm Hg at 
760 mm Hg at 

Density 
(a/ml) 

1.19 
1.14 
1.06 
1,Ol 
0.97 
0.93 

650°F (343OC) 
800 OF { 427 OC 1 
982OF (53OOC) 

Evauoration Loss (ASTM D-972) 
6-1/2 hours at 500°F (26OOC) 

at 140 mm 8% maximum 
a t  760 mm 4% maximum 

Heat Transfer ProDerties 

Bulk Modulus 
(DSi) 

390,000 
320,000 
215,000 
180,000 
145,000 (est,) - 

Temperature 
O F  OC 

100 38 
300 150 
500 260 
700 370 

Specific Heat Thermal Conductivity 
(BTU/lb OF) (BTU/OF, ft/hr) 

0.368 
0.432 
0.496 
0 . 5 6 0  

0.0768 
0.0702 
0.0642 (ext.1 
0.0582 (ext.) 

Flammabilitv Prouerties 

Flash Point 550°F (288°C) 
Fire Point 660°F (35OOC) 
Au tog en ou s I gn i t i on 

Temperature 1135OF (557OC)* 

1-3 
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S i n c l a i r  Turbo § - O i l  15 

65 OF 

100 O F  

210 OF 

Pour  P o i n t  80 O F  

F l a s h  P o i n t  450 O 

Fire P o i n t  495 O 

A u t o g e n o u s  I g n i t i o n  
P o i n t  7 5 0 °  ( a p p r o x .  1 

Neut .  No. . 1 2  

Vol .  6-1/2 h r s .  @ 400°F 1 0 . 5 %  

1 2 , 1 0 6  

1 6 . 7 5  

4 . 2 8  

1-4 
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Sample Calculation o f  Bearina Value 
(for Bearing ?#It 327701) 

1. The surface roughness o f  the bearing rolling elements is 
measured in microinches A.A. (Arithmetic Average) and 
then converted to microinches rms through multiplication 
by a correction factor o f  1.1. 

Inner Ring Outer Ring Balls 
microinches A. A .  1.51 1.90 1.60 
microinches rrns 1.66 2 . 0 9  1 . 7 6  

2 .  The rms roughness of the two rings is averaged 

q - =  L 8 8  
3. f (bearing) is then computed as follows 

11-1 
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ENCLOSURE 1 

LAYOUT SKETCH OF HIGH-SPEED HIGH-TEMPERATURE TEST R I G  

L C P C  INC ~ E V I C E  

TE?T BEAF.:NC HOWSING 

LUERICANT R E S F F V 9 l F  

Hous i ng Temp 
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E N C L O S U R E  2 

H I G H - S P E E D  H I G H - T E M P E R A T U R E  B E A R I N G  TEST M A C H I N E  
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ENCLOSURE 3 

VARIABLE- SPEED TEST R I G  CONTROL PANEL 

HEATERS - MOTOR 
ON 
OFF 

LOI,HIGH P R E S S .  
INDICATORS RESET 

SPEED -AMP S-VOL TS-H OUR ME TER 

N2 PURGE METERS 

HEATER CONTROLS 
1-7 8-1 4 

F I N E  ADJUSTMENT 
HEATERS 

6-7 13-14 

INSTRUMENT SWITCHES 

HEATER SWITCHES 
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ENCLOSURE 4 

COMPOSITION A N D  H O T  HARDNESS 
CHARACTERISTICS OF HIGH-TEMPERATURE B E A R I N G  STEELS 

M-50 M - 1  WB-49 

Elemental  
Composition, %: 

C 
Mn 
S i  
C r  
P 
S 
N i  
cu 
Mo 
W 
V 
c o  

H a r d  Hardness Af t e r  
Long-Term S o a k i n g  a t  
Temperature (13-16) RC:  

Room Temp. 
400°F 
60OUF 
800" F 

1000°F 

Hardness Measurements 
o n  7205 V A G  (M-50 
S t e e l )  P a r t s ,  Rc: 

Inner  Rings 

,77- .85 
0.35 max. 
0 .25 max. 

0 .015 max. 
0 .015 max. 
0 .10 max. 
0 .10  rnax. 

0 .25  max. 

0 .25  max. 

3.75-4.25 

4.00-4.50 

0.90-1.10 

64 
61 
57 
55 
46 

Outer  Rings 

62 62 

.75- .85 1 .oo-1.10 
0.15-0.40 0.20-0.40 
0.15-0.40 0.20-0.40 
3 . 5  -4.25 4.00-4.50 
0.015 max. 0 .015 max. 
0 .015 max. 0.015 max. 
0.10 max. 0.10 max. 
0 .10 max. 0 .10 max. 
8 .45-9.25 3.50-4.00 
1.40-2.00 6.50-7.00 
1 .oo-1.20 1.80-2.10 

- 5.00-5.55 

66 
62 
60 
57 
52 

69 

65 
62 
57 

- 

B a l l s  

64 
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ENCLOSURE 6 

7205 vAP Test Bearina 
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7205 VAR T E S T  B E A R I N G  CAGE ( I N N R I  R I N G  G U I D E D )  
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ENCLOSURE 8 

7205 VAP T E S T  B E A R I N G  C l G E  (OUTER R I N G  G U I D E D )  
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ENCLOSURE 9 

TRACE ELEMENT ANALYSIS OF CVM M-50 STEEL 

E l e m e n t a l  A n a l y s i s  w/o - 

CVM M-50 H e a t  
c u  _. A l  I d e n t i f i c a t i o n  - 

7205 VAG r i n g s  0,03 0.03 

7205 VAP b e a r i n g s * *  0 , 0 3  0 - 0 4  

B e a r i n g s  w i t h  
a b o v e - a v e r a g e  l i f e :  

Heat No, 1 0,03 0.09 

H e a t  No ,  2 0 . 0 3  0,09 

B e a r i n g s  w i t h  b e l o w -  
a v e r a g e  l i f e :  *** 0,05 O , O 8  

T r a c e  
- N i  E l e m e n t  I n d e x *  

0 . 0 7  3.5 

0 , 0 4  3 . 2  

0-06 

0,06 

4 . 2  

4 - 2  

0.15 6 - 8  

* T h e  t r a c e  e l e m e n t  i n d e x  ( 0 )  d e v e l o p e d  f o r  52100 s t e e l  ( 1 4 )  h a s  
b e e n  a d a p t e d  f o r  M-50 s t e e l  a s  f o l l o w s :  

0= A 1  + Cu + N i  
0,015 0.06 0.07 

** New t e s t  b e a r i n g s  made f o r  t h i s  p r o g r a m  a s  r e p o r t e d  i n i ( 4 ) .  

*** I n  a p r e v i o u s  t e s t  on  a s m a l l  g r o u p  o f  b e a r i n g s  made o f  CVM 
M-50 s t e e l  on  a NASA s u b c o n t r a c t  l e t  b y  A e r o j e t  G e n e r a l  C o r p ,  
( A z u s a  P, 0, O P 3 6 7 9 1 5  o n  C o n t r a c t  NAS5-4171, t h e  e s t i m a t e d  k10= 
26 m i l l i o n  r e v o l u t i o n s  c o m p a r e d  t o  t h e  l o g  a v e r a g e  L1o = 85 
m i l l i o n  r e v o l u t i o n s  f o r  g r o u p s  o f  s i m i l a r  b e a r i n g s  made o f  f i v e  
h e a t s  o f  CVM M-50 s t e e l  t e s t e d  u n d e r  t h e  s a m e  c o n d i t i o n s  i n  t h e  

E LF I n d u s t r i e s '  Research L a b o r a t o r y ,  
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ENCLOSURE 1 2  

T y p i c a l  A p p e a r a n c e  o f  U n f a i l e d  7205 VAR T e s t  B e a r i n g  After 
700°F O p e r a t i o n  w i t h  Mob11 XRM-177F Lubrfcant  

T e s t  B e a r i n g  No. 327110 

Outer R i n g  Raceway I n n e r  R i n g  Raceway 

RESEARCH LABORATORY 5 n ~  INDUSTRIES,.INC. 



AL 6 8T005 ENCLOSURE 13 

T v D i c a l  ADpearance  o f  Smeared 7205 V A R  (WB49 S t e e l )  B e a r i n g  

O u t e r  R i n g  I n n e r  R i n g  
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ENCLOSURE 14 

Appearance o f  7205  VAR Bear ing  With S p a l l e d  B a l l s  After 
4 4 . 3  Hours o f  ODeration a t  700°F 
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AL 6 8T00 5 
ENCLOSURE 15 

Appearance  o f  7 2 0 5  V A R  B e a r i n g  ( H a v i n g  a P r o p r i e t a r y  T u n g s t e n  
D i s u l f i d e  S u r f a c e  C o a t i n g )  Which S u f f e r e d  a S p a l l i n g  F a t i g u e  
F a i l u r e  After 1 5 6 . 5  Hours  o f  O p e r a t i o n  a t  7 0 0 ° F  

O u t e r  R i n g  I n n e r  R i n g  
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AL68 TQQ-5 
ENCLOSURE 16 

Summary of 7205 VAP (M-50 Steel) Endurance 

Lubricant 
Tests with DuPont Ktytox 143 AC 
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AL68T005 
ENCLOSURE 17 

Load-End Vs. Drive-End Smearing Failures to Date 

Test L, 
1 hr. Duration 

Program Drive End Load End 

NASW-492 32 2 3  

NAS3-7912, Task 2 3 2 

Task 3 - 
Task 5 9 - 

Total to Date 44 25 

Test - > 
1 hr. Duration 

Drive End Load End 

15 16 

4 1 

1 - 

4 5 

24  2 2  
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AL68T005 
ENCLOSURE 18 

Relative 7205 Bearing Heat-Up 
Rate With Film Measuring Lubricants 
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AL68T005 
ENCLOSURE 19 A 

C o m p o s i t e P l o t s  o f  Lubricant F i l m  Condition Vs. B e a r i n g  
Temperature for Test Series No.1, Lubricant-Mobil XRM-l09F, 

Speed - 43,000 rpm, Thrust Load - 459 Lbs. 
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AL68TC 05 
ENCLOSURE 198 

INDIVIDUAL PLOTS OF L U B ~ I C A N T  FILH CONDITION vs. BEARING TEMPERATURE FOR TEST SERIES N O .  1 SBOWING DATA POINTS 
LUBRICANT-MOBIL X B M - 1 0 9 F .  SPEED 43.000 RPM, TRRUST L O A D - 4 5 9  L B S .  

LEGEND: C o n d u c t i v i t y , - ,  C a p a c i t a n c e -  TOO L o w  t o  Measure++++++ 
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AL68TPB5 
ENCLOSURE 19. (Cont'd) 

INDIVIDUAL PLOTS OF LUBRICANT FILM CONDITION vs. BEARING TEMPERATURE FOR TES+ SERIES NO. I SHOWING DATA POINTS 
LUBRICANT-MOHIL XRM-109F. SPEED-43,000 RPM. THRUST LOAD-459 LBS. 

LEGEND: Conductivity-,- Capacitance- Too Low to Measure++++++ 

,-. 
t- 

,. 0 

W .., 
M 
E 

M 
W .E 

E - 
0 
I. 
0 .- E 
Q 

N 

11 - 
E 
6 
- 
d 

# 

I. m 

I I I I I I 
u1 N -? 5 *' 

3 
? 

3 

F 

I I I I I I 
v1 Q - 5 -  N ,. 

RESEARCH LABORATORY 58cP I N D U S T R I E S ,  I N C .  



AL68T005 
ENCLOSURE 20A 

Composite P l o t s  o f  Lubricant F i l m  Condition V s .  Bearing 
Temperature for Test Series No. 2, Lubricant-Mobil XRM-109FI 

Speed - 43,000 rpm, Thrust Load - 300 Lbs. 
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AL68T005 
ENCLOSURE 208 

INDIVIDUAL PLOTS OF LUBRICANT FILM CONDITION VS.' BEARING TEMPERATURE FOR TEST SERIES NO. 2 SBOWING DATA POINTS 
LUBRICANT-MOBIL XRM-109F. SPEED-43.000 RPM, THRUST LOAD-300 LBS. 

LEGEND: Conductivity- - - Capscitance- TOO Low to Measure++++++ 
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A L 68TOO5 

INOIVIOUAL PLOTS OF LUBRICANT FILM CONDITION VS. BEARING TEMPERATURE FOR TESTISERIES NO. 2 SROWING DATA POINTS 
LUBRICANT-MOBIL XRM-lOPF, SPEED-43.000 RPM. THRUST LOAD-300 LBS. 

LEGEND: Conductivity--- Capacitanc- Too Low to Measure++++++ 
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AL68T005 
ENCLOSURE 21  A 

C o m p o s i t e  P l o t s  o f  Lubricant F i l m  Condition Vs. B e a r i n g  
T e m p e r a t u r e  f o r  T e s t  S e r i e s  No. 3, Lubricant-Mobil XRM-lO?F, 

Speed - 43,000 rp m ,  Thrust Load - 200 lbs. 
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AL68T005 
ENCLOSURE 2 1 ~  

LNDIVIDDAL P L O T S  O F  LUBRICANT FILM CONDITION VS. BEARING TEMPERATURE FOR T E S T  S E R I E S  NO. 3 SEOWING DATA P O I N T S  
LDBRICANT-MOBIL X R I - 1 0 9 F . S P E E D - 4 3 , O O O  RPM. TRRIJST LOAD-POD L B S .  

C a p a c i t a n c e -  T o o  L o w  t o  Measure++++++ LEGEND: C o n d u c t i v i t y - , ,  
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AL68T005 
ENCLOSURE 2 2  A 

Composite Plots of Lubricant F i l m  Conditions Vs. B e a r i n g 
Temperature for Test Series No. 4, Lubricant-Mobil XRM-l09F, 

Speed - 20,000 rpm, Thrust Load - 345 Lbs. 
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AL68TOO5 
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ENCLOSURE. 228 
INDIVIDUAL PLOTS OF LUBRICANT FILM CONDITION VI. BEARING TEYPE8ATOPE YO8 TEST SERIES NO. 4 SEDHING DATA POINTS 

LUBRICANT-YOBIL XRY-109P. SPEED-20.000 RPY, 288OST LOAD-345 LBS. 
LEGEND: Conductlrtty...... Capialtaace------ Too Low to Yeerure++++++ - 
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AL68T005 
ENCLOSURE 23A 

Composite P l o t s  o f  Lubricant F i l m  Condition Vs. B e a r i n g 

Oil 15, Speed - 43,000 rpm, Thrust Load - 300 Lbs. 
T e m p e r a t u r e  for Test Series No. 5 ,  Lubricant-Sinclair Turbo-S 
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ENCLOSURE 23 B AL68TOC5 

m In 
c 

c 

LNOIVIOUAL PLOTS OF LUBRICANT FILM CONDITION VS. BEARING TEMPERATURE FOR TEST SERIES NO. 5 SHOWING DATA POINTS 
LUBRICANT-SINCLAIR TURBO-S OIL 15. SPEED-43.000 RPM. THRUST LOAD-300 LBS. 

LEGEND: Conductivity,-- Capacitance- TOO Low to Measure++++++ 
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w 10 

c 
YI 
0 c 

INDIVIDUAL PZOTS OF LUBRICANT FILM CONDITION VS. BEARING TEMPERATURE FOE TEST SERIES NO. 5 SHOWING DATA POINTS 
LUBRICANT-SINCLAIR TURBO-S OIL 15. SPEED-43.000 RPM. THRUST LOAD-300 LBS. 

LEGEND: Conductivity-,, C; ioitanoe- Too Low to Measure++++++ 
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AL68TQ05 
ENCLOSURE 24A 

Composite P l o t s  o f  Lubricant Film Condition V s .  Bearing 
Temperature for T e s t  Series No. 6, Lubricant - Monsanto 
MCS-354, Speed - 43,000 rpm, Thrust Load - 300 Lbs. 
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AL68T005 
ENCLOSURE 24 

INDIVIDUAL PLOTS OF LUBRICANT FILM CONDITION VS. BEARING TEMPERATURE FOB TEST SERIES NO. 6 SHOWING DATA POINTS 
LUBRICANT-MONSANTO MCS-354. SPEED-43.000 RPM. THRUST LOAD-300 LBS. 

LEGEND: Conductivity-,- Capacitance- Too Low to Heamre++++++ 
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AL68TOQ5 
ENCLOSURE 24 B ~ C O N T ~ D )  

INDIVIDUAL'PLOTS OF LUBRICANT FILM CONDITION VS. BEARING TEMPERATURE FOR TEST SERIES NO. 6 SEOMING DATA POINTS 
LUBRICANT-HONSANTO ICs-354. SPEED-43,000 RPM. THRUST LOAD-300 LBS. 

LEGEND: Conductivity- - - Capacitanc- Too Lon to Measure++++++ 
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AL68T005 
ENCLOSURE 2 SA 

Composite Plots o f  Lubricant Film Condition Vs. Bearing 
Temperature for T e s t  Series NO. 7, Lubricant - DuPont 

K r y t o x  143AC.  Speed - 43,000 rp m ,  Thrust Load - 300 Lbs. 
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INDIVIDUAL PLOTS OF LUHRTCANT FILM CONDITION VS. BEARING TEMPERATURE FOR TEST SERIES NO. 7 SHDlRING DATA POINTS 
LUBRICANT-DuPONT KRYTOX 143AC. SPEED-43,000 RPM. THRUST LOAD-300 LBS. 

LEGEND: Conductivity,-, Capacitance---- TOO Low to Measure++++++ 
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AL68T005 
ENCLOSURE 2 6  A 
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Composite Plots o f  Lubricant F i l m  Condition Vs. Bearing 
Temperature for Test Series No.  7 ,  Lubricant - DuPont 
Krytox 143AC. Speed - 43,000 rpm, Thrust Load - 459 Lbs. 
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A L6 8T005 
ENCLOSURE 26 B 

I N D I V I D U A L  PLOTS O F  LUBRICANT F I L M  CONDITION V S .  BEARING TEMPERATURE FOR T E S T  S E R I E S  NO. 7 SAOWING DATA P O I N T S  
LUBRICANT-DuPONT KRYTOX 1 4 3 A C .  S P E E D - 4 3 . 0 0 0  RPM, THRUST L O A D - 4 5 9  L B S .  

LEGEND: C o n d u c t i v i t y - - ,  C a p a c i t a n c e -  T o o  LOW t o  Measure++++++ 
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ENCLOSURE 2 7  

7205 V A P  Test Bearing $1 (327701) 
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ENCLOSURE 2 8  

7205 VAP Test B e a r i n g  $2 (327702) 
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ENCLOSURE 2 9  

7205 V A P  Test B e a r i n g  # 3  (327703) 
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ENCLOSURE 31 

7205 V A P  Test  Bearing E 5  (327705)  
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7205 V A P  Test  B e a r i n g  W (327707)  

ENCLOSURE 3 3  
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ENCLOSURE 34 

7205 V A P  Test B e a r i n g  #8 (327708)  
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ENCLOSURE 37 

7205 VAP SuuDort Bearina No. 327801 
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ENCLOSURE 38 

3705 VAP SUD - ~ o r t  Bearincr N o .  327802 
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ENCLOSURE 39 

O s c i l l o s c o p e  T r a c e s  O b t a i n e d  i n  F i l m  T e s t i n g  W i t h  D u P o n t  
n t  Sh o w i n a  T h e o r e t i c a l  Ca CJ e S D e e d  K r v t o x  143 AC Lubri_ca 

Test C o n d i t i o n s  

S p e e d  ( i n n e r  R i n g )  - 43,000 r p m  

T e m p e r a t u r e  - 600°F ( a t  o u t e r  r i n g )  
T/To a c r o s s  r i n g s  < 1%, %<1.8 

T h r u s t  L o a d  - 459 l b s .  

i n n e r  r i n g  s p e e d  t r a c e  
( 2  c y c l e s  p e r  r e v o l u t i o n )  

c a g e  s p e e d  t r a c e  
( 1 2  c y c l e s  - 1 2  b a l l s  - 

p e r  r e v o l u t i o n )  

S i g n a l  t r a c e  s h o w i n g  1 c a g e  r e v o l u t i o n  ( 1 2  c y c l e s )  
p e r  2 . 5  i n n e r  r i n g  r e v o l u t i o n s  (5 c y c l e s ) .  

C a g e / i n n e r  r i n g  s p e e d  r a t i o  = 4 0 %  

O s c i l l o s c o p e  h o r i z o n t a l  s w e e p  s p e e d  - 0 . 5  m s e c / d i v .  
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